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PREFACE

Cne of the most pressing problems of Air Force installation plsnners in the
1970's 1is minimizing environmental pollution. Air Weather Service personnel
can glve valuable assistance to these planners by providing realistic estimates
of atmospherie diffusion. This Tachnical Report has been preparaed as an ald to
making diffusion estimates., The scope of this report is limited to calouleting
pollution concentrations from on~base sources.

GORDON A. BEALS, MaJor, USAF

Chief Seientist

USAF Environmental Technical Applications Center
Weshington, D, C.

30 April 1971
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Chapter 1

INTRODUCTION

l. General.

Air pollution is not a new phenomenon and has been the concern of many nota-
ble individuals and scientists for years. Nevertheless, air pollution, along
with weter pollution, has suddenly become a subject of national importance. In
the last few years several Presidential Executive Orders have been lssusd with
the aim of reducing sources of air pollution at Federal installations. Thus,
the Air Force is deeply concerned with reducing air pollution around their in-
stallations and has embodied this concern in AFR 161-22, Provisions of this
regulation task Air Weather Service with providing meteorological support to
air-pollution control and abatement personnel. As a consequence, detachment
commanders and staff weather officers can expect an increasing number of in-
quiries from civil engineering and environmental health personnel about the me-
teorological aspects of air pollution. Intense interest in air pollution, how-
ever, is not limited to these two activities only. All aspects of operations
and training within the Air Force must operate with an awareness of the pollu-
tion problem. For example, Headquarters USAF has recently instructed the major
alr commands to conduct fire-fighting training during periods of good atmog-
pheric dispersion.

Historically, military interests in atmospheric dispersion dates back to the
use of toxic gases in World War I. Much of the early work on atmospheric dis-
persion was conducted by British scientists in coanection with chemical warfare
research, Later American researchers also recognized the importance of such
investigations. The emphasis placed by Air Weather Service on atmospheric dis~
persion began in earnest with the recognition that liquid fuels for Titan mis-
slles were toxlc end that a potential safety hazard existed with respect to
storage and transfer of these potentially dangerous fuels. The assistance re-
quired of Alr Weather Service personnel by the operational aspects of the Titan
missile complexes intensified the research for knowledge of dispersion within
the free atmosphere next to the earth's surface.

In order to ably fulfill their new responsibilities as advisors to the anti-
pollution effort, AWS forecasters, and especially DETCOs and STAFFMETS, should
become familiar with the natural processes that control the dispersion of con-
taminants. This technical report is intended to give the field forecaster an
appreciation of atmospheric dispersion processes and practical methods for
assessing the abllity of the air to dilute and carry away contaminants. A com-~
prehension of such processes entalls e knowledge of the very lower layers of
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the atmnsphere, @

2. Various &Scales of Air Pollution,

There are three broad scales of air pollution which can be defined on the
basis of geographical extent and degree of dependence on local meteorological
conditions. In order of decreasing geographical scale, they are glcbal pollu-
tion, area pollution, and local pollution.

a. @lobal Air Pollution. On this scale, while local effects are of little .
importance, the general circulation imposes some restriction on the ultimate
spread of pollutants. The principal factors controlling the concentration of
pollutants on this scale are the rate at which the pollutants are being intro- .
duced into the atmosphere worldwide and the "residence time," i.e., the length
of time it takes for a pollutant to settle out as particles, be washed out by
precipitation, to diffuse upward and eventually into spuce, or to be converted
through some chemicel process into an invisible, harmless gas.

b. Area Pollution. A second scale of air pollution is typified by the Los
Angeles "smog" problem. Here, existing meteorological conditions combined with
unique terrain features act to confine the pollutants in a locallzed region.
The meteorological parameters of importance on this scale are dealt with rou-
tinely in forecusting, viz., wind speed and temperature inversions. Again, as
on the global scale, the details of diffusion from individual sources are not
too important. This is the type and scale of air pollution considered in the
air pollution potential forecasts that are relayed to AWS detachments in the
continental United States on the communication circuits.

¢. Local Pollution. On the smallest scale the concentration of pollutants
mostly depends on the details of the processes of atmospheric diffusion. An
example of this type of pollution is the zone of acrid fumes that often exists
downwind from pulp mills. This type of local phenomenon could also be contrib-
uting to both of the other scales of air pollution but at levels that would not
be readily noticed. An air pollution source on the local scale is usually con-
sidered serious only il it produces concentrations of contaminants that exceed
certein limits within populated areas. However, as will be explained in the
next section, the limits on concentration apply to the total concentration,
il.e., the sum of all local and area sources.

3. Air Pollution Limits and the Concept of Air Quality. )

Most of the state and local alr pollution laws express their limits in terms
of parts of contaminant per million parts of contaminated air at 1013-mb pres-
sure and 25°C. The general concept of enforcement is to evaluate the concentra-
tion at the downwind property line. 1In general, this concentration will be the
sum of the local pollution introduced at the installation (diluted in the dis-
tance from ralease point to the property line), plus whatever pollution is pres-
ent in the area due to other sources. This residual pollution from other e

- B e ¥ & @ #H &§ © % & ¥ @& . 9 W
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gources is known as the bachgznund level,

It should be apparent now that the background pollution lavel is as impor-
tant as the local diffusion characteristics in determining and controlling the
tmount of pollutants that can safely be emitted. When the background is high,
only a small amount of pollutant can be released befora s critical condition is
reached, even if diffusion conditions are locally good.

Air-quality standards fall into two general types -~ long term and short term.
The long-term limits apply to average concentrations messured over periods of
several hours to a month, Short-term limits, which apply to situations lasting
an hour or less, have not yet been adopted. However, the Environmental Protec~
tion Agency will begin issuing short-term guidelines in 1971. State and local
agencies can be expected to adopt short-term limits very soon thereafter.

Air Weather Service personnel normelly would not become involved in setting
air-quality standards., However, it is within the framework of these standards
or limits that the staff meteorologist must make his poflution forecasts. The
situation is very similar to setting eritical crosswind components for aircraft
landings. ‘Two similarities are apparent. First, the limits are different for
each pollutant Just as different crosswind components apply to each aircraft
type. Second, the setting of the pollution limits 1s a subjective process in
which medical or industrial hygiene personnel evaluate past data on exposures to
pollutants Just as flying safety personnel use thelr judgment and the accumu-
lated data on accidents to set critical crosswinds. In both cases, the opera-
tional impact may be considered in balancing the requirements of health and
safety against the requirements of mission accomplishment. However, in the case
of air pollution, the balance must be made at & higher level of government since
the health and safety of the general public, not Just military personnel and
equipment, are involved. |

4. The Relationship Between Meteorology and the Concentration of Air Pollutants.,

Meteorology and air pollution have a direct relationship. The occurrence of
alr pollution in any degree depends on the presence or absence of dilution and
diffusion processes. In the free atmosphere, both of these processes depend al~-
most entirely on familiar meteorological parameters, viz., turbulence, wind,
temperature, precipitation, atmospheric stability, inversions, etec. This rela-
tionship can best be illustrated by two examples. For instance, consider the
warning found on the containers of many kinds of cleaning fluids or solvents:
"caution - Avold excessive breathing of fumea. Use only in a well-ventilated
place." Why is the ventilated place less dangerous than a closed room? The
reason is the presence of the dilution process. The ventilated area allows
fresh air to mix with and c¢ilute the toxic rfumes of the cleaning fluld so that
the remaining concentration is not harmful. The property of dilution is eco-
nomically one of the most useful properties of the atmosphere. In our daily
living countless tons of waste products annually are disposed of simply by

T @ 8 (] o o O
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discharging the materisl into the atmosphere and letting the winds carry it @
away. As the waste material is transported, it is alsc mixed through larger and

larger volumes of air by the action of turbulent eddies with the concentration

becoming weaker and weaker. This is an example of the way in which the natural
environment makes the haendling of toxic chemicals safer.

A second example, however, shows how these same atmospheric processes, pre-~
viously shown to be so advantageous, can make other situations more dangerous.
Suppose a railroad tank-car full of chlorine is derailed and ruptures; Police .
and Clvil Defense officials rush to evacuate people from the area immediately
downwind from the wreck. Why? Because the wind will carry the deadly chlorine
fumes from the spot of the accident to other places as much as several miles .
away. With insufficient aiffusion this br;ngs danger where none previoualy ax=
isted. Suppose the air were absolutely still. With no wind there would be no
spread of dangerous fumes except by the comparatively slow process of molecular
diffusion and thus no other sarea would be dangerously contaminated by the chlor-
ine.

In every real situation, the good and the bad are both represented. For, as
in the example of the last paragraph, the same moving atmosphere that created a
danger by transporting the chlorine also helps reduce the danger by diluting
the concentration of the gus as it moves. The essence of the relationship be-
tween the atmosphere and the release of toxic substances can be found in the
following question. Will the mixing action of the atmosphere dilute the mate-
rial to a tolerable level fast enough to keep the spread from being a danger?
This question is indeed a challenging one because the cleansing efficiency of
the atmosphere varies from place-to-place, day-to-day, or even hour-to-hour.

The same principles apply to nontoxic air pollution. That is, the winds
carry pollution from the source to other places while diluting it along the way.
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Chapter 2

FUNDAMENTALS OF MICHOMETEOROLOGY

.

1, QGeneral.

The term micrometeorology is used in this report in its broadest sense; that
is, as the meteorology of the layer from the earth's surface to an altitude
where the effects of the immediate underlyins surrace on the temperature and
motion of the atmosphere become negligible. This definition or micrometeorology
ircludes s considerable portion of what is é:ten considered as mesomsteorology. ‘

Most Air Weather Service meteorologists have rsceived the bulk of their me-
teorology experieroe as synoptic msteorologists. As such, they were trained to
ignore or "filter out" of their analyses any local irregularities that existed
on a scale of less than 50 miles or so, except for incorporating iocal effects
in terminal foyecasts. This "filtering" is quite appropriate for depicting the
general state of the weather and for predicting those aspects of weather that
change according to the movement of major pressure gystems. On the other hand,
the air motions that affect the transport and diffusion of sir pollutants sre
much more local and depend on atmospheric conditions a few hundred feet in ver-
tical extent and hundreds of yards to a few miles in the horizontal. When one
is considering the transport and dilution of pollutants, the most important
variables are wind direction and temperature lapse rate. In that near-ground
layer both the temperature lapse rate and the air movements exhibit character=
istic variations from dey to night and from season to season. Furthermore,
small-gscale differences in the temperature and wind fields can be attributed to
local irregularities in the underlying terrain. Thisg chapter will review the
physical basis for the normal variation of wind and temperature near the ground.

2. The Physical Basis of Meteorological Variation Near the Ground.

Over level terrain, both the normal diurnal variation and the local irregu-
larities of the temperature and wind fields can be explsined primarily in terms
of the response of the underlying surface to incoming solar radiation by day and
outgoing infrared radiation at night.

e. The Balance of Energy at the Surface. The balance of energy at the
earth's surface in the daytime is roughly shown in Pigure la. The wide arrow
labeled "net incoming solar radiation" 1s the resultant of all radiation proc-
esses (absorption, reflection, reradiation) acting at the ground surface. About
half of the net incoming radiant energy is conducted downward into the ground
during the morning as the ground warms. This point will be elaborated later.
The remaining half of the energy is split between evaporation and upward heat
transport. The relative magnitudes of these two processes depends mostly on the
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moisture aveilsble for evaporation.

The energy flow at the surfece during the nighttime is depicted in'Figure 1b,
At night, heat flows from the ground to supply much of the energy that is lost
from the ground surface as effectivg‘outsoing radiation. The relative magnitudes
of the heat flows are roughly indicated by the width of the arrows, which are
also scaled to show magnitudes as compared with Pigure la. The main difference
_between day and night energy transfer is that heat flows into the ground and in-
to the lowesat layers of the air by day and the flow is reversed by night. These
flow diractions result in substantial changes from day to night in the tempera-
ture of the ground surface and the air layer nearest it. The amount cf temper-
ature chan@g depends on the physical characteristics of the underlying surface
and on the operatior. of all three modes of heat transfer within the dtmbsphere.‘

o

. 3
A s J
el . i 1%53\
&
#
EVAPORATION # oouvierion
tvAponATioN 1! NOLEOULAR
CONVEOTION e
SNBOEFiow

(b)

SUPPLIED TO THE BUPPLIED FROM THE
SROUND SROUNO

Figure 1. Energy Balance at the Ground
(a) Middle of the Day, (b) At Nignt.

b. Physical Characteristics Affecting the Response of the Underlyin
Surface. One factor affecting the energy balance at the ground surfaze is the
albedo, or reflectivity, of the underlying surface. Those surfaces with low al~
bedo will absorb more of the incoming solar radiation. For example, the high
midday temperature of a black-top road (low albedo) compared to a nearby field
(higher albedo) is primarily due to this albedo difference, However, the al-
bedo is not too often the controlling parameter. Concrete pavement even with
its higher albedo will often become hotter than black-top. In thie case the
difference is found primarily in the heat conductivity and the heat capacity
(the amount of heat required to raise the temperature of a substance) per unit
volume of the particular surface. The heat capacity per unit volume is the
product of specific hest und density. If the density and specific heat of the
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ﬁgag underlying surface are large, a great amount of energy must be absorbed or given
- off at the surface in order to change the temperature appreciably. If the heat

conductivity of the surface is high, the heat energy will flow rapldly into or
out of the ground. This rapid heat flow will result in a small temperature
change occurring over a lérge depth, while a low heat conductivity would result
in large temperature changes through a shallow depth.

¢. Physical Procesces Affecting the Response of the Air Layer Near the

Ground. We learn in elementary physics courses that there are three 1rocesses

that transfer heat: radiavion, conduction, and convection. The first two have

already been mentioned in ccnnection with the variation of the ground tempera~
* ture, Both radiation end conduction contribute to heat transfer in the atmos-
phere, but, except for a very thin layer next to the ground, both of these proc-.
esses are less effective for heat interchanée than convection in its broadest
sense, In this instance, convection means transport of heat due to any motion
of fluid particles other than molecular. Thus, convection includes stirring and
mixing by all causes as well as thermally-forced convection, which we associate
with dust devils or cumulus clouds. The total heat transferred to or from the
ground surface by all of these processes acting in the air is less than the heat
transferred by any one of the various processes affecting the temperature of the
ground. Therefore, heat transfer within the atmosphere has only a minor influ-
ence on the range of temperature at the ground or the temperature of the air
immediately next to the ground. Instead, heat transfer within the atmosphere
determines how deep a layer will respond to changes of ground temperature and
the speed of that response. As an extreme case, if there were no heat transfer
of any kind in the air, the air molecules right next to the ground would acquire
the temperature of the ground and the temperature of the rest of the atmosphere
would ébt change. 1In reality, there 1s considerable heat transport, enough that
at least several hundred feet of the atmosrhere experiences a very noticesable
change of temperature from day to night. In the middle of the day and late at
night, when the air and ground temperatures are changing only slowly, the tem-
perature gradiernts will be inversely proportional to the effectiveness of the
heat. transfer,

As noted, the principal mode of heat transfer in the atmospheris surface
layer is turlLulent mixing. The term "turbulent," as used here, refers only to
the randomness of the motions and does not imply the violent motion that a fore-
caster normally visualizes when he considers aircraft-type turbulence. Random
motions of the air are present nearly everywhere. The curling, irregular wisp
of smoke from a cigarette testifies to the presence of some turbulence even in-
dcors. As gentle as the random mixing may be, however, it is still 10 to 100
times more efficient in transferring heat than is molecular conduction. Out~
doors, where the mixing is more vigorous, turbulent transfer is 100 to 100,000

ffﬁb times more efficient. The intensity of the mixing depends on the speed of the

wind, the roughness of the terrain, and the vertical gradient of temperature.
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The effect of the temperature lapse rate depsnds on whether it is greater 0
or less than the adiabatic lapse rate., If the lapse rate is atable, energy will
be consumed in turbulent mixzing, while an unstable atmosphere will feed energy
into the turbulent motions. This characteristic gives the atmospheve a pre~
Tferred direction of heat flow — upward. If the atmosphere is extremely une
stable, the intensity of turbulence is great and a large amount of heat is trans-
ferred, which, in turn, tends to reduce the lapse rate. On the other hand, the

sharper the nocturnal inversion the weaker is the mixing action, tending to in- .
tensify the inversion when radiation processes more than offset the weak mixing.
3. Local Temperature Structure. ' ‘ .

The preceding discussion providoa & basis for underatanding both the normal
‘varistions of temperaturs near the esarth's surface and the differencee that' :
arise because of the inhomogenieties of that surface.

e. Diurnal snd Annusl Variations. Figure 2 shows the daily cycle of item-

perature at three different heights over a desert area ror summer and winter.
The difference between the amplitude of the January and July temperature curves
show the specific effect of solar rediation on the ground temperature. The in-
fluence of cloud cover on the daily range of temperature is depicted in Figure
3. Both figures clearly show that the ground temperature responds to the in-

coming and outgoing radiation and that the air temperature follows the ground 0
o} =,
CLEAR DAY /’ HEIBHT ABOVE THE GROUND
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Figure 2. The Dalily Cycle of Temper~
ature at Three Heights (from R.
Geiger, The Climate Near the Ground,
figure 32, Harvard University Press,
Cambridge, Mass. 1950).
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Figure 3. The Dependence of the Di-
urnal Temperature Range on Cloudiness
(from R. Geiger, The Climate Near the
Ground, Figure 36, Harvard University
Prees, Cambridge, Mass. 1950).
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temperature., The diurnal range of temperature is amaller as the distance from
the ground inecreases. Needless to say, these patterna are familiar to the prac-
ticing metecrologist in the weather station. However, it is important to be not
only aware of the general behavior of the temperaturs at e given level, but to
understand the physical basis for the variation and its 1mplications on the var-
iation of the temperature gradient, which is the most important’ aingle atmos-
pheric variable affecting the dilution of air poliution.

. Typical vertical temperature profiles of a land atetion of the mid-latitudes
are shown for specific hours in Figure 4. The diurnal variation of the all-
important tempersture gradient is illustrated by Figure 5. The three sections
of this figure also include the effect of cloudiness at three wind-speed ranges.
The eeasonal variation of lapse rates at a southern Idsho station 1s presented
in Figure 6, showing the temperature aifference between helghtsa Of 1. % and 120
meters. Predictably, the steepest lapse rates occur in the middle of the day in
summer, The maximum average inversions also occur ln the summer months. This
might seem surprising, but it is a direct consequence of the greater diurnal
range of ground temperature which occurs in the summer. The wintertime inver-
sions are more persistent than those of the summer, frequently lasting for days,
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Figure 5. Diurnal Variation of Temgerature Difference
Between 11 m and 110 m for Different Cloudiness and
Wind Speed ([19].

but their averasge intensity is less. Because of the effect of the lapse rate .
on eddy conduction of heat, it is the prolonged slight inversions associated ‘
with strong winds in winter that actually result in the greatest downward net
transport of heat in the atmosphere nearythe ground.

b. The Influence of the Underlying Surface. So far we have discussed the
features of the temperature pattern that would be present over flat, uniform ter-
rain. In parsgraph 2.b, we discussed factors that would influence the response
of the ground layer to the radiation balance. Because turbulent mixing in the
atmosphere is so dependent on the locel temperature gradient, we must now ex-
amine the effects on the locul temperature structure produced by variations in
the response of the underlying surface. We will consider specifically the ef- e
fects of soll type, including snow cover as a special case, and the markedly
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dirferent response properties of bodies of water.

The most important differences in the underly-
ing surface are its density and heat conductivity.
The way these properties influence the ground tem-
perature is illustrated in Pigure 7. The solid
curves show the diurnal variation of temperature in
a dry, sandy soil. The density and thermal con~
ductivity of this type of soil are both low because
the "dead air" trapped in spsces between the grains
of sand reduces hoth of these properties. The
dotted curves show the temperature range expected
for a densely-packed, rocky soil. 'The heat pene-
trates farther into this denser type of soil so
that the range of temperature at the surface is
smaller. The dampness of the ground surface also
influences the thermal properties considerably.

If water is trapped within the spaces instead of
"dead air,” conductivity, density, and specific
heat are all increased.

The low temperatures experienced at night over a snow surface are well~
known. They occur because the snow, especially if it is fresh, has & much lower

1l
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denpity and conductivity thun any type of bare soil, The most extreme inversions @
. in the lower atmosphere in winter are, theyefore, found over snow ‘cover., The .

ability of a snow cover to redect the heating effect of the sun's rays in the

dnytime ie ganerully overrated, A moment's reflection will bring to mind the

... Pact ‘that, barrins unusually strong cold adveotion, there is a uubatantiul yise

of tompsrsture on clear days even whon there is s complete cover of. fresh snow.
This rise is due to the fact that some 10 or 15% of the incoming solnr radiation
does penetrate into the top few inches of the snow cover and thereby is able to
warm the top 1ayers noticeably because of the previously-montionad low denaity
and conductivity of the snow cover. The efrect of a snow cover: ‘mey then be : ‘ o
summarized as follows. At night, a snow cover produces extreme 1nversions. By I
day, & snow covar reduces, but does not completely eliminute, the auperadiabqtic ‘ 3

. . TR

lnpaa rate thqt normally occure ne&r the -ground. . ‘ - : . ; ~"i??

Snow aover represents aometuing necr the extreme condition of low conduo~
tivity. Open bodies of water represent the opposite extreme. The one property
of water that distinguishes it most from solid surfaces is that water, being a
- fluild, can transfer heat in the. convective mode, which 1s uaually Jmch more ef-
ficient than heat transfer in solids. Any body of water that is more than a ‘
puddle will have currents set up in it by the stress of the wind and theze cur-
rents result in very effective mixing so that any temparature changes oecurring -
are distrivuted through a deep layer. Of secondary importance, but still sig- ,
nificant, 13 the fact that incoming radiation from the sun penetrates into a O ‘
fairly deep layér of water instead of all being absorbed at the surface. These
two differences result in smaller seasonal and much smaller diurnal changes of
the alr temperature at the surface over water than over land. The result is
that over water bodies there is very little diurnal air tenperature change un-.
less it is caused by advection from a nearby land area. Over an inland body of
unfrozen water, the temperature gradients are the opposite of the pattérns
shown iln Figure 6; the most unstable periods are at night during the winter and
the most stable, by day in summer.

¢. The Influence of Topography on Temperature. There are two main types
of topographic effects on air temperature and lapse rates. The first is due

simply to differences in elevation and the second due to differences in the e
slope of the ground surface.
Considering the second type first, the fact that the ground is sloping R

changes the hour of the day at which the ground surface is most nearly perpen-
dicular to the sun's reys and, thus, the time of maximum temperature and maxi~
mum lapse rate. For example, the west side of a valley will warm and also cool
earlier than the east side since the sun travels from east to weat. Similarly,
in the mid-latitiudes a valley that opens toward the south will generally have a
better;developed thermal wind system by day than one that opens toward the

north.,
The diurnal range of temperature at the floor of a valley is larger then on e

12
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its sloping sides. This is not particularly
surprising since fréquently superadiabatic
lapse rutod prevail by day and inversions by
. L qight. Howover, the situation is not quite
o © that himple. The fact that the ground is not
3 level means that, at & fixed level, the air
; cloaci to the sides of the valley cools more

o at night than the air above the middle of the
e valley floor. This esteblishes a pressure
" gradient which causes the air to flow down the
slopes toward the valley floor. This alr move-
ment as a type of wind, will be discussed lat-

DIURNAL MINMA
(MRAN OF 70 0AYS)

. . ' er; however, its effect on the temperature is

.. to cause the whole valley to fill with cold

if‘ sir. Thus, the temperature inversion at the Figure 8. Patterns of Tem-
:; ‘ floor of the valley is not nearly as intense gera:g;:ronTgeHéii;:g: £::m
A a8 are those on an open plain. On the other R 2 “Tigure 110, Nar-
v hand, the inversion near the top of the valley %%%Hgﬁﬁg%%isitgu;;ees, Ca;f

is steeper than it would be if this drainage bridge, Maes. 1950)

flow was not present. The resulting distri- |
bution of temperature in this situation is shown in PPigure 8. Even with the
valley circulation effect, however, the changes caused by the proximity to the
ground surface are not completely masked. The nighttime and daytime isotherm
patterns are very similar but, by day, the warmer air is on the valley floor.

“ b L, Local Wind Structure:

a. The Mean Vertical Variation of the Horizontal Wind Speed. It is readily
noted that the wind speed one foot or less above the ground ie quite a bit weak~
' er than the wind at the same time near shoulder height. This decrease of the
g ~ wind speed near the ground is, of course, a direct consequence of frictional
Ly drag of the atmosphere against the earth's surface. Well above the surface, the
f?* steady~-state wind speed is determined by the balance of pressure forces and the
’ Coriolis force. The level above which the friction of the ground no longer in-

‘ fluences the wind speed in direction is usually termed the "gradient wind level."
f“ At heights between the ground and the gradient wind level, the vertical distribu-
B tion of wind speed is determined by the action of molecular viscosity at the
gfound level and by "eddy viscosity" at higher levels in a manner completely
analogous to the way the distribution of temperature is controlled by the three

processes of heat transfer.

The diurnal pattern of wind speed is controlled largely by the effect of
temperature gradient on the intensity of turbulent mixing and, hence, on the
"eddy viscosity." During the day, buoyancy effects greatly enhance the turbu-
@ lent mixing with height so the gradient of the wind speed is rapidly reduced to
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Figure 9. Average Wind-Speed
Profiles Constructed from
Measurements Made During a
l-Year Period at the Qak Ridge
National Laboratory [12].
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a small value. At night the effect of
buoyancy tends to oppose the .increase of
turbulent mixing with height so that the
grndiqht of the wind apeed is more uniform.
Figure 9 shows typical changes of the wind
speed distribution between day and night at:
a mid-latitude station. The most obviocus
difference is the well-known decrease of
wind at night in the layers close to the
ground, but equally pronounced is the in-
crease of wind at night at heights from o
few hundred feat to about 3000 feet.

Another parameter affecting the distri-
bution of wind speed is the roughness of
the ground surface. A rough surface causes
more turbulence near the ground than does a
smooth surface 8o that vertical mixing 4is
more effective, This enhanced mixing re-
sults in & smaller value for the gradient
of the wind speed near the ground. This
smaller gradient, when combined with the
no-wind condition at the ground surface,
results in a lower wind speed near the

ground than over a smoother surface, and a more repid increase of wind with
beight in the layer above the anemometer level over the rough surface. These
effecte are 1llustrated in Pigure 10,

SUBURES LEVEL COUNTRY

SRADIENT WIND
-9

-7

-8

Figure 10, Exampleg of Variation of Wind with Height Over Different
Size Roughness Elements (figures are percentages of gradient wind) [4].
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b. Variation with Height of the Horizontel Wind Direction. Another feature

of the winds in the surface layer is well-known to ths meteorologist. That 1is
that the winds in the surface layer do not blow parallel to the isobars, but
cross the isobars at an angle trom high pressure toward low pressure, Farther
from the ground, as the "gradient wind level" is approached, the wind direction
becomes more nearly parallel to the direction of the geostrophic or gradient
wind., The importance of this turning of the wind with altitude is that the net
drift of & cloud of pollutants will be in a direction between that of the geo~
strophic wind and that of the actual surface wind, provided the pollutants are
being mixed through a fairly deep layer.

¢. The Influence of Geographical Features on the Local Wind. There are two

primary ways in which the tcpography can modify the local wind ragime. The
first of these is through the thermal effects of different surfaces. The segond
is the dynamic effect of hills or mountain ranges on the general flow pattern.

A common example of the first type is the "sea breeze." Because of ite high
conductivity and specific heat, a body of watsr changes temperature during the
day much less than nearby land areas. This difference of temperature of the
surface in turn causes a difference in the density of the air over the surface
such that the pressure over water is higher by day and lower by night than that
of adjacent land areas. This pressure difference causes the wind to have a com-

gggb ponent directed from the water toward the land during the day and from the land
toward the water at night.

Another example of & thermally-induced
wind system develops in mountainous terrain.
As discussed previously, when the atmosphere
cools at night, the air next to the sloping
sides of the valley is nore dense than the
air in the center of the valley at the same
elevation, this causes the air on the slopes
to drain toward the valley center. This
drainage ultimately results in a general flow
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» toward the mouth of the valley. Gravity-flow
systems of this type will usually extend to Figure 11. Combination of Val-
the height of the adjacent ridge tops. Fig- i:z gigg ?ég?.’ Light Prevail-
* ure 11 depicts the wind regime that results

from a typical combination of valley wind with a light prevailing wind. The
opposite thermal pattern develops during the daytime and there 1s a tendency
for upslope and up-valley winds., However, up-~valley winds are not usually as
distinct because the greater turbulent mixing during daytime destroys the small
local density gradients that maintain these local circulations.

We turn now to the strictly dynamic influences of topography. Perhaps the
most dramatic example of the influence of topography on the general flow is the
mountain-wave phenomenon, which often produces severe updrafts and downdrafts on
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Figure 12, Flow Perpendicular to a Set of Ridgelines.

the lee side of mountain ranges. The same phenomenon, in miniature, occurs in

the vicinity of any ridge-valley system. While these local circulations on the

smaller scale do not often constitute a hazard to aircraft, they can drastically

alter the pattern of spreading of any concentration of airborne material. It is

not too uncommon for the local wind in a valley to be compietely reversed from

the prevailing flow (see Figure 12). However, if the prevailing winds are not

exactly perpendicular to an elongated velley, a similar phenomenon known as

channeling results. This is illustreted by Figure 13. @

Of all the local wind circulations, only
the sea breeze has been successfully ana-
lyzed 4n a quantitative fashion that permits
accurate predictions. Yet the micrometeor-
ologist must be aware of the qualitative
changes that are caused by the other topo-
graphical influences so he can visualize
the diffusion and transport patterns that
result from topographical modification of T e

the broad-scale wind patterns. Figure 13. Channeling of Wind
by a Valley [20]. .
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@ Chapter 3

BASIC CONCEPTS IN DIFFUSION

1. G@eneral.

In Chapter 1 we mentioned turbulent mixing as a means of diluting the con-
centration uf pollutants or toxic matter in the atmosphere, This turbulent
mixing was called eddy conductivity in Chapter 2 when explaining the dlstribu-
tion of temperature near the ground. In the present chapter we return to the
process of diffusion of matter in the atmosphere., The fundamental theoretical
problem of diffusion is to relate the spread of a cloud of mnterial, and the
consequent reduction in concentration of the suspended matter, to the turbulence
of the wind. The practical problem is to find means of estimating the rate of
diffusion from simultaneous measurements of purely meteorological variables,
such as wind, temperature, and thelr fluctuationz. In this chapier we also pre~
sent some fundamental definitions and elaborate somewhat on the mechanism of
diffusion so that the relationship between diffusion and the more directly
measurable meteorological parameters becomes clearer.

@ 2. Basic Concepts and Definition PR
’ Some of the basic characteristics of the
diffusion problem can best be lllustrated in = -Hs-%hdqf-nneconcaccnn.
the context of the effect of specific types

of sources of contamination. We will assume
that the toxic or harmful material is in the A TR

form of gases or very small particles that /’::‘§\\ ,’J
faithfully follow all of the complex motions K\ ‘} / Vi ( /’;‘\\\
of the atmospheric whirls and eddies. ,/‘,/ _//

a. Instanteneous Point Source. No

. source is completely instanteneous and the
point source concept 1s an idealization, but
this definition is a useful approximation (:::)(:“\
- to the release of harmful toxic matter in = U Y7 smqunprrme"""

a short "puff" or an explosion. A small
spill of highly volatile materiel would also
be clessed as an instantaneous point source.

One can easily lmagine three different types Figure 14, Ideglized Diffu-~
of eflects of atmospheric turbulence depend- sion of a "purf" [20].
ing on the relative sizes of the initial
Pt cloud and the eddies in the atmosphere. These are illustrated in Figure 14, If

AN

v, the motions in the atmosphere consisted only of a mean wind and turbulence on a
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scale much smaller than the size of the "puff," the situation might appear as in
Flgure lda; the cloud drifting with the wind, but being enlarged by the turbu-
lence (small arrow.). On the other hand, if all the eddies were larger than the
cloud, the situation would be more like Figure 14b. The third possibility,
eddiea of the same size as the cloud, would produce;tha complex result of Fig-
ure l4c. Actually, turbulence in the actusl atmosphere consists of eddies of
all different sizes so that, in reglity, all three effects are combined. For an
instantanecus roint source the amount of material injected into the atmosphere
is usually given as the total quantity of material released (grams or milligrams),
and the distribution is usually given in terms of exposure, which i1s the inte~
gral of the concentration as the cloud passes a point.

by Continuous Point Source. This idealization has received the greatest
amount of attention in the literature. Good approximations of it are releases
from stacks and accidental releases caused by pipeline cracks or spills that do
not quickly evaporate. The quantity of material released by a continuous point
source is expressed in terms of rate (e.g., kilograms per hbur). If the re-
+-lease is prolonged und the character of the mean wind and turbulence do not
change, 1t is appropriate to talk about the average concentration of the con~
taminating material at a given point downwind from the source. The concentra-
tion will fluctuate, but a mean concentration over a chosen sampling period is
meaningful. Figure 15 shows how the irregular fluctuations smooth out with
time to form predictable average concentrations.

VS VSR TOUNN VNN WEORK TR SO VY S

RELATIVE CONGENTRATION

Figure 15. Instantaneoug and Average Aspects of &
Smoke Plume [20].

c. Continuous Horizontal Line Source. This problem received considerable
attention by early British researchers (e.g., Sutton) in connection with chemi-
cal warfare developmentsa. This type of model is now finding use in the analy-
sis of urban air pollution. Any consideration of thls source type by AWS mete-
orologists will probably be limited to supporting the use of incapacitating
gases,

18
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d. Continucus Area Source. This source configuration is usually modeled
by considering the area as a series of continuous line sources oriented perpen-
dicular to the prevailing wind. It is of considerable interest in urban air
pollution. The main application for AWS meteorologists would be for a detalled
analysis of the hazard associated with large spills of slowly-evaporating 1i-
quids,

e, Instantaneous Horizontal Line Source. This possibility corresponds to
sn aircraft spray source., It has been studied by the Army in connection with

CB weapons. The analysis is similar to the instantaneous point source excaupt
that the concentration in the crosswind direction is uniform.

f. Instantaneous Area Source. Thle case is alsa of interest mainly for
Army support. The analysis consists of superimposing the effects of a large
number of parallel line sources.

g. Instantaneous Vervical Line Source. This case corresponds to the trail
of exhaust fumes from s rocket launching and 1s therefore of considerable im-
portance to AWS staff meteorologists at the missile ranges. However, the asso-
ciated diffusion cnalysis is theoretically the most complex, so only the diffu-
slon of the ground-level portion of the trail has been studied.

3. [Theoretical Analysis of Diffusion.

There is no single physical model capable of explaining all the features of
turbulent aifrusion. There are two basic approaches, each of which has merits
not possessed by the other. One relates the transport to the gradient of the
concentration by an exchange coefficient. For example, in the case of heat
transport, the exchange coefficient is the same thing as the eddy coriductivity
discussed earlier. The second approach considers the statistics of the air
motions.

a. The Gradient or "K" Theory. The basic hypothesis is tl.at the rate of
diffusion depends in a linear fashion on the gradient of pollution. This ap~-
proach wae first proposed by the German physioclogist Adolph Fick to explain the
diffusion of selt in a liquid. For the simplest case of a gradient in one di-
rection and uniform concentrations in the other directions, the dift'erential
equation describing the process is

1  f-xZt

Here, q represents average concentration, t is elapsed time, and x is dlstance
in one direction. K 1s the coefficient of diffusivity. The solution of Equa-
tion (1) is
a
- x\
(2) q = —_ exp (- ,
e * (- e

Here Q represents the source strength (total release of pollutant). For three-
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dimensional diffusion from a point, the aquivalent equation is @
2 2 ]
(3 (urrxt)"‘ - )

Hers, x, y, and z are the distances from the point along the axes of a conven-
tional right-handed coordinate system. These equations are atraightforward 1n
application, and evaluatton of air pollution would be comparatively easy if a
single value of K applied to the whole atmosphere, As we shall see in the next
two subparagraphs, the actual values of K are dependent on the temperntufe ara-
dient; therefore, thay change with time and also with height. Furthermore, ‘
they also depend on the foughneus of the underlying terrain end the wind speed. .
The completely general differential equatipn would be:

i e S D)y E D

Completely general solutions to this equation do not exist in analytical (mathe-
matical function) form. Solutions can be worked out on electronic computers

for particular initial concentrations of contaminant and particular sets of as-
sumptions about the K values,

Even if the above equation could be solved in a convenlent manner, there
would he yet another objection. The K-theory assumes that there is no transport
in a given direction unless the concentration has a gradient in that direction.
It has been shown, however, (Smith [21]) that if there is a vertical wind shear
and a vertical gradient of the contaminant concentration, a significant hori-
zontal diffusion of the contaminant will occur even if there is no horizontal
gradient of the concentration. (This is quite separate from the horizontal
transport due to ‘the mean wind.) Thus, the complete equation of diffusion
would have to contain at least nine additional terme to describe the interac-
tions between wind shears and concentration gradients.

Having expounded on the difficulties of the complete K theory, it is only
fair tc say that many simplifications are quite plausible. In particular, if
the vertical dimensions of the clcud of contaminant are small compared to the
distance from the ground, the variations of the K's can safely be neglected, .
leading to a solution of the form

b -
T 0™ k) e [ (¢
When such sinmplifications are justified, the X theory gives very useful results.

b. Statistical Theory of Diffusion. A more realistic theory of atmospher-
ie diffusion was published in 1921 by the noted British fluid dynamicist, Sir
Geoffrey Taylor [23. The most useful expression of this theory from the point
of view of understanding turbulent diffusion has been given by Pasquill [18].
It relates the mean square distance, y', traveled by a particle during the time

20
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interval, t,, to the power spectrum of the turbulent velocity fluctuation in
that direction. The expression is

‘ -r . 8 C 'Sia 1 nt, \*
(5)  T(ta) = v'ta® § e, in) (SRR an

: [ .
Here v" is the variance 6f wind speed in the y direction. The power sppectrum
8 (n) tells how much of the turbulent energy v'? cen be regarded as equivalent
to aa oacillation & the frequency n. The term

(uig ™ nt )

l'lE;

has & maximum value of unity when t; = 0 or n.= O, It can be seen from this
that the value of the 1ntegral in Equation (5) depends on the whole spootrum of
turbulent energy; but, for the larger values of t;, the diffusion is dominsted
by the low-frequency (slowly-varying) components of the turbulent velocity.
This dominance by the low~frequehcy components 18 in accord with our intuition.
If the motions of the particles are mainly at low frequencies, the particles
will undergo large excursions before changing direciion. On the other hand, a
particle whose motion could be described by a high-frequency oscillation might
have a large mean kinetlic energy, but its excursions could be short. Of course,
we cannot identify individual particles of air with particular frequencies of

the power spectrumj nevertheless, the analogy helps us visualize the informa~-
tion contained in the statistics.

It can be shown that this statistical theory predicts diffusion equivalent
to a "K" that increases linearly with time of travel while close to the source.
Thus, the distribution of smoke from & stack or other point source is described
at first by a "K" that increases linearly downwind. For values of travel time
longer than five or six minutes, the statistical theory gives almost the same
-result as K-theory.

4, The Dependence of Diffusion on the Temperature Gradient.

Whether the diffusion process 1s described in terms of an exchange coef-
ficient, a mixing length, or an autocorrelation function, atmospheric diffu-
sion is enhanced by an unstable lapse rate. We were implying K-theory for
heat transfer when we discussed the concept of eddy conductivity in Chapter 2
and the dependence of the eddy conductivity on lapse rate, The reason 1is
very simple. When the Jlapse rate 1s ungtable, a particle displaced verti-
cally will experience a gravitational force tending to move it further in the
direction of the diasplacement, Since the force 1s exerted along a direction
in which the particle is already moving, the kinetic energy of the particle
is increased. Since motion in all three directions is linked by the equation
of continuity, the increased kinetic energy of the vertical component of turbu-
lence results in an increase of the horizontal turbulence as well. The reverse

2l
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situation prevails when the lapse rate is atable. Energy is removed from the
vertical component because the buoyancy (gravitationel-density) forces are op-
posed to the direction of motion. Again, the reduction of energy of the verti-
cal component causes a reduction of energy in the horizontal components.

The high degree of correlation between lapse rate and the intensity of tur-
bulence can be seen by comparing Figure 16 with Figure 6., Figure 6 shows the
seasonal and diurnal variation of lapse rate, while Figure 16 shows the seasonal
and diurnal variation of Ops the standard deviation of the horizontal wind di-
rection, an indicator of the intensity of the lateral component of turbulence.

A slightly more elegant ex~

JAN
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Ave ,/ / (\ [ N\ p Vi ,/' %r;cti?ga:z
s "\ / '/ & 6:—_74 mated from Fig-
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planation of the effect of lapse 0.008 -

rate on diffusion is provided COMPOSITE w~SPECTRA

by the statistical theory. As o008}

we saw in paragraph 3b, diffu- gt . /'_“.‘:ﬁ%-)——\a\

sion depends on the erergy in g 0.004 | .\‘

the low-frequency portion of o \.\

the power spectrum. The char- § 0,008~ LN
acteristic time-scale of con- g ";'. .uw',i‘l-/"ﬁ—'“'**l:\
vective motiona in the atmos- *g o.unF,x/ N SR o‘H.,‘k
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minutes. Therefore, convec~ 0.001}-

tive motions introduce large

amounts of energy into the low- ~55 o T T
frequency portlons of the spec- ts na/0

trum, and, thus, the integral NON ~DIMENSIONAL FREQUENCY

in Equation (5) will be large.

In contrast, at night low- Figure 17. Composite Spectra of Vertical

frequency energy is selec-
tively absorbed. PFigure 17

Velocity at Brookhaven, Long Island [16].
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shows typical turbulence spectra associated with various lapse rates. The curve
labeled "group (a)" is for quite unstable conditions. The curve labeled "group
(e)" 1s for near adiabatic lapse rates.

The effect of lapse rate on diffusion is illustrated by some typical pat-
texns followed by the effluent from a smokestack, whioch have now becomu classic
in literature of air pollution. These patterns and their relation to stability
are illustrated in Figure 18 and discussed below.

S
L
\

." ~
A 1 ? JES n-':\,-.l :’,""‘ N
[

TEMPERATURE = 0g «it Ty~ STABLE BELOW, NEUTRAL ALOFT (LOFTING)

‘./f

/

Figure 18, Effect of Lapse Rate on Vertical Diffusion [20].

a. Fanning. This conditlon occurs with stable conditions. The low-
frequency components of the turbulence are suppressed, especially in the verti-
cal, so the vertical spread of the plume is very small. The plume may show a
slow meandering of direction. With respect to a long-~term mean wind, this me-
andering produces an effective spreading of the plume which is much greater
laterally than vertically.

' e!g’ b. Fumigation. There is a brief period after sunrise when the lapse rate
; is stable aloft but unstable near the ground. When the top of the unstabie
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layer reaches the height of the stack, the diffusion toward the ground can bde
large while the upward diffusion remains small. A high concentration of pollute
ant can then suddenly be brought to ground level.

~ o. Looping illustrates the much larger acale of the turbulent eddies under
unstable conditions. Diffusion is very rapid so that pointe away from the axis
of the plume, but near the source, experience a greater concentration than under
more stable conditions. On the other hand, further downwind, concentrations
are smaller than with more stable lapse rates.

“ ) d. Coning 1s characteristic of nearly equal intensities of turbulence in
{f, the vertical and horizontal directions. This is characteristic of temperature
jﬁ gradients between iscthermal and adiabatic. The scale of the eddies, or the

: low-frequency energy of the turbulence, is seen to be lesa than experienced
with looping, unstable conditions, but more than in the stable conditions which
produce fanning. Coning is characteristic of strong winds and cloudy skies.

e e. Lofting is the opposite of fumigation. When an inversion is present be-
low the stack, but not above, the preferred direction of the diffusion is upward.
Thie situation is very desirable from the point of view of avoiding hazardous:
exposure at the ground. Of course, it applies only to elevated sources of con-

- taminant.

ak

o 5. Variation of Diffusivity with Height.

vt )

) Besides being dependent on lapse rate, the diffusing power of the atmosphere

also varies with height. Near the ground, the size of any coherent alr move-
' ment will be limited by the proximity to the ground. It has been found expexri-

i mentally that, with near-adiabatic lapse retes, the distrivution of temperature
o and wind speed are explained very well by assuming that the exchange coefficient
o (K) increases linearly with height.

As would be expected, the statisticel theory also predicts an incresse of
. the diffusivity with height. Investigations of the spectra of turbulent energy
A heve shown that, near the ground, the spectra are nearly universal functions of
the non-dimensional frequency, f = nz/U, where U is the mean wind [14. The for-
h mula relating spectra under a change of frequency variable is such that
‘ 8,(n) = 2® /u° sv(f), and dn = U/z df. For any particular height and atmospher-
ic stabllity, the turbulent energy is proportional to the mean wind speed, e.g.,
Vi®/U® = constant. Therefore,

(6) ¥ (ta) ~Uzty® (s () (BiEgtaa) ar

]

Equation (6) shows that, if the turbulent energy is constant with height, the
diffusivity wili increase linearly with height and wind speed. Actually, such
a quantity as v"/U“ decreases with height in the manner shown by Figure 19.

When the atmosphere is stable, the decrease of turbulent energy with height
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is very marked. In addition, un-
der stable conditionas, the influ~
ence of the ground surfaoe dis-
appears at heights of only & few
hundred fest and the spectra no
1ongor obey the "univoraal" rela~
t;onahip deacrived in the pre-
ceding paragraph. Kaimal and
Haugen [L4] found that, in stable
conditions, the pesk of the ver-
tical velocity spectium becores
constant with height rather thau

height, ' Thus, in atuble aondd «
tions, the maximum vertical dif-
fusivity ie located quice close

RATIO OF "'5"" TO SURPACE VALUE

Figure 19. Decrease of Lateral Turbu- ' .
lence with Height for Different Stabil- to the ground. The decieuse of
ity Conditions. the intensity of turbulence with

height under neutral (adisbatic
lapse rates) and steble condi-
\ : 1 tions eventually dominates the
600} N | | frequency effect so that the dif-
fusivity decreases with height as
°°°k‘ the gradient-wind level is ap-
nl

700

counterpart in the more sophisti-
cated K-theories which have been

. used to explain the wind distri-
bution between the ground and the
gradient~wind level. The height
dependence of K from one of these
thsories {2] is shown in Figure
20,

proached. This decrease has itse
300}~

200}

100

VERTICAL DIFFUSIVITY

Figure 20, Typical Variation of Verti-
cal Diffusivity (K) with Height (from [2]).

6. The Effect of Variation in the Wind Direction with Height.

In Chespter 2 we mentioned the gradual turning of the wind direction between
the ground and the gradient-wind level., When a diffusing cloud is mixed through
a deep layer, the net drift of the cloud will be in a direction approximately
halfway between the surface wind dilrection and the geostrophic wind direction.

25
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Chapter 4

ESTIMATING DIFFUSION AND CONCENTRATION
FROM METEOROLOGICAL OBSERVATIONS

1. Qeneral.

In this chapter we discuss the practical quastion of using purely meteoro-
logicel observations to estimate the diffusion and calculate relative concen-
trations of releaned toxzlc material. Estimntee of diepariioh of toxle matter
can be made by two distinet methods, air-trucer survaya qnd calculation from

‘generalized formulae.

An air-tracer survey consists of releasing known quhntitiéa or inert gaseb
or small particles under & veriety of weather conditions and then measuring the
quantity of tracer material that arrives at various locations. 'he observed
concentrations of trecer material are then correlated with meteorological pa-
rameters such as wind speed, temperature lapse rate, wind difaction, and the
variability of wind direction. From these correlations, equations are developed
to express concentration directly in terms of the meteorological parameters.
Examples of this approach are diffusion equatious developed in the Mountein Iron
project {(11] and the Ocean Breeze and Dry Gulch projects [9]. :

Alr-tracer surveys are the most direct and accurate method of estimating .
Aiffusion. However, this approach is s8lso the most axpenalve, and is usually
not followed until a definite environmental hazard has been recognized and a
practic&l control procedure is requ:ied. Since the diffusion equations devel~
oped through %racer sampling are peculiar to the lccetlon where the survey was
conducted, they will not be discussed further. The balance of this chapter will
present more general methods which can be used to meke preliminary estimates of
diffusion without resorting tc tracer surveys.

2. Diffusion Formulse that Assume a Oaussian Distribution.

Almost all of the formulae commonly used to describe the behavior of atmos~
pheric contaminants assume that the spatial distribution of the contaminant can
be described by the bell-shaped Gaussian curve used in statistics. This dis-
tribution is appropriate for two independent reasons. First, a distribution
of the Gaussian form is a fundamental solution of the differential equation of
diffusion, Equations (1) or (4), if the K or K's are constant. Second, a well-
known law in statistics states that the distribution of the means of finite
samples of random variables will tend to the Gaussian form as the number of
such samples tends to infinity. This principle applies to concentration meas-
urements of air pollution which are averages over time of an instantaneously-

fluctuating concentration.
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a, Sutton's Diffusion Model. One of the most widely-used Gaussian models
in earlier years was Sutton's model., While it was first proposed as an appli-
cation of Taylor's statistical theory of diffusion, the model is stated in
terms of paramaters that resemble the diffusion coefficients of the K-theory.
In Chapter 3, paragraph 3b, we introduced the concept that, artor diffusing for
a time, t;, particles would have a mean-square displacement y from their ini-
~ tial position. Sutton's theory [22] shows that

Y = * c ] (Ut‘)2-n

where cy is a "virtual diffusion coefficient," U is the meun wind speed and n is
a number to be derived from the power-law expression for wind profiles. It p 1s
the power-law exponent, 1. e.,

B

U(z) = Uy (%r

then n = 2p/l4p. For the commonlyQuaed 1/7 power law, n is 0.25. For an in-
gstantaneous point source, the concentration ¢ of a contaminant is given by

- Q - n-2 .?.‘:..ﬂ... 3:___
") 1T e ® €040 e [- (vt) (cx“ cy” cz‘)]

This 1s identical with the equation at the end of Chapter 3, paragraph 3a, if
n=1andC° = kK /U, C s hKy/U, etc. The parameters C,, C,, and C, are thus
generalized K-values. In the formulae, t i1s measured from the time of release
and n is a parameter associsted with stability; x, y, and z denote distances
from the center of the cloud. The values of the parameters C, Cy, end C, are
to be determined from turbulence statistics by the formulae

C® - Y (N)“ (ut ) n

x (I-n)J(z2-n) \U U
etc. The ratio N/U depends on height above the ground and the roughness of the
ground but is almost independent of wind speed. N is a parameter Sutton calls
"macroviscosity." The parameter U'® is the variance of the x-component of air

velocity. As mentioned in Chepter 3, paragraph 5, the ratio U'" /U 1is nearly
constant for a given site, height, and stability.

The steady-state formule for a continuously-emitting point source at grouna
level i1s

(8) T (xoys2) = —28 exp [~ 5P (L— + ---)]

ﬂ’CyCzUx y

In this equation the x~y-~z coordinate system remains centered on the source,
rather than moving with the mean wind. Two other parameters derived from

28
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Sutton's method are the maximum concentration at the ground from a source at
height h above the ground.

(9) Imax = T
and the value of x where the maximum ground concentration occurs,
Xmax = (31?).
Ve

The Sutton method is most useful for nearly-adiabatic lapse rates and releases
from elevated sources vhere the verticsl variations of the coefficients are
small. o

b. More Recent Gsussisn Models. While Sutton's model has considerable
theoretical validity, it is necessary to specify four parameters n, cx,‘cy, and.
Cz, in order to use the formula, all of which are dependent on height and ste-
bility. Actually, a Gaussian distribution is completely determined by its mean -
and its stendard deviation. The modern tendency, therefore, is to omit the
theoretical considerations and to simply relate the standard deviations of the
contaminant distribution directly to the meteorological parsmeters. Under this
concept, the form of the distribution for a continuous source located at ground

level is:

(20) E-m‘%—u;exp [-Hf—.—*%ﬂ

In this equation, as in Sutton's, the diffusion along the mean wind axie by tur-
bulence has been neglected in comparison with the tranbport due to the mean
wind. The parameters °y and c, are the standard deviations of the Gaussian dis-
tributions in the y and z directionz., The equivalent equation for an instan-~
taneous point source at ground level would be:

-] -
(11) q= ) exp |~ % XL 2)
T o)

where the x, ¥y, and z follow the cloud. In both of these formulae the values of
Oys °y’ and o, are not constant, but increase downwind from the point of release.
The peak concentration at the center of the cloud decreases downwind while the
curve representing the distribution of concentration gets broader. On the
centerline of the cloud, the values of y and z are zero) therefore, the formula
for the peak concentration C_ becomes

P
(12) Cp - mg‘-a—z-

Yy
The maximum ground-level concentration from an elevated release is
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- 0.234 g e
) m Oy

These formulae are quite practical when the values of Oy Oy and o, are
determined. Methods for sstimating these are presented in the following para-
~ graph.

3. Estimating Diffusion Parsmeters from Ordinary Meteorological Dats.

In order to apply equations such as (10) and (12), it is necessary to know
Oy and 0, as a function of distance from the source., Over the past several
years there has been a continuing effort on the part of several meteorological
agencies to detarmine functional relations of Oy and o, to distance. In spite
of this continuing effort, there is no agreement on a single "best formula" for
the growth of ¢ and 6z downwind as a function of normally-available meteorolo-
glcal information. The most recent studies [25] show that Cps the standard de-
viation of the horizontal wind direction, is the best single meteorologlcal pe-
rameter for estimating diffusion from continuous sources. This parameter is a
direct measure of crosswind turbulence and is also highly correlasted with the
intensity of vertical turbulence. One of the earliest systems for reliting
diffusion to meteorological messurements, and still one of the best systems,
was developed by Cramer [3] based on measurements of % and c¢, the standard
devietion of the vertical wind angle. These parameters are difficult to calcu-
late without the use of analog or digital computers, so other systems have been
developed which require less sophisticated information.

The system used by meteorologists supporting the Atomic Energy Commission
and the National Air Pollution Control Administration was originelly devised by
Pasquill [17). It was stated originally in terms of the height and angular
spread of a cloud of smoke. The relations for the height and angular spread
were redefined in terms of °y and Oz by Gifford t?]- With this redefinition,
the predictions of Pasquill agree with Cramer within a factor of two. Pasquill's
graphs (as modified by Gifford) relating °y and 0, to distance are presented as
Flgures 21 and 22. 8ix stabllity categories, A through F, were defined by Pas-
quill in terms of wind speed and a qualitative assessment of the strength of the
incoming or outgoing radiation. A summary of rules for selecting the appro-
priate category is presented in Tables 1 and 2. For concentrations on the plume
axis, Equation (12) indicates that Cp/Q is inversely proportioned to Ucycz.
Figure 23 depicts ch/Q as a function of distance for the six categories.

If information on the standard deviation of horizontal wind direction 1s
available, the following table of equivalence (Table 3) is recommended. The val-
ues in the table are based on approximately 200 diffusion trials conducted in
the Green Glow, Prairie Grass, Ocean Breeze, and Dry Gulch projects sponsored
by AFCRL, and projects in support of the AEC at Idaho Falls, Idaho and Hanford,
Washington. As with Table 2,if two letter-categories are indicated, one should
choose a value halfway between the two curves.
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A rough measure of o, can be obtained from the trace of wind direction from
the RO2 wind recorder or & similar instrument. The technique consists of find-
ing the extreme range of wind directions during a 30-minute period and dividing
by eight [15]. The method is very crude and some workers prefer to divide by
only five or six instead of eight. But crude as it is, the method is more ac-
curate than assigning the Pasquill category purely on the basis of the informa-
tion in Tables 1 and 2.

CAUTION: Categories A and B should never be used for nighttimé peak
concentrations, and category C would be appropriate at night only when
strong gusty winds persist following a cold front passage. Values of
¢, at night larger than about 8° over flat ground or 14° over rough
ground indicate fanning. Short-term pesk concentrations will then be
as large as those givan by curva'F, or even larger. ‘

Equation (10) can be evaluated for off-axis points using Figures 23 and 24,
For the Pasquill categories, use Figure 23 to get the centerline concentration
appropriate to the stability category. Figure 24 gives the value of the expo-
nential term for lateral distances 1 to 1000 meters and Gy of 1 to 2000 meters.
Figure 24 is labeled in terms of general numbers, & and b, because it can also
be used with vertical distances and o, to get concentrations away from the
ground. Graphs of Ug/Q for all points on the ground-level plane have been pre-
sented in [26] based also on the Pasquill oy and ¢, values. These plots are
reproduced as Flgures 25 through 30.
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TABLE 1
Net Radiation Classes

Elevation of Sun
‘ > 15° put | > 35° but
Cloud Cover Night | € 15° 2 ‘5559 > 35°
< 3/8 -2 -1 +1 +2 +3
3/8 or 4/8 at any
hgt oxr broken abv -l 0 +1 +2 +3
16000 £t (incl. -8) B
@ abv 16000 £t or
® between TO00 ft -1 0 0 +1 +1
and 16000 £t - \ ~
® below 7000 £t 0 0 "0 +1
® below 7000 ft 0 0 0 0
TABLE 2

Stability Category Based On Wind Speed and Net Radiation

Surface Wind Speed | Net Radiation Class (see Table 1)
m/sec | knots +3 2 | 41 | 0| -1 | -2
<2 < 4 A A-B B|D| E |_.¥
2-3 4-6 A-B B c D E F
3-5 6-10 B B-C c D D E
5-6 10-12 Y c-D D D D D
>6 > 12 c D D D D D
TABLE 3

Pasquill-Type Classification Bases on
Standard Deviation of Wind Direction

g At 1/2 Mile or At 1.25 Miles, At 5 Miles or More,
A Less, Use Type Use Type Use Type
s 2,5° E-F E D~E
5° D-E D C~D*
10° C-D* C* CH
15° B* B-C#* B-C#
20° A-B¥* B* B~C¥*
2 25° A* A-B#* B*
* See Caution in text.
33
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- F Isopleths of
qQU/Q on the Ground for a

Ground-Level Source,

B Stability.

April 1971

igure 25, Isopleths of
o

on the Ground for a
Ground-Lavel Source,
A Stability.
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Figure 27. Isopleths of

qU/Q on the Ground for a

Ground-Level Source,
C Stability.
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Y gﬁ}ure 28, 1Isopleths of
; qU/Q on the Ground for a

fecttt? o Ground-Level Source,
el 0 D Stability.
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‘Fiﬁure 29. Isopleths of
qU/Q on the Ground for a
Ground~Level Source,

E Stability.
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Figure 30. Isopleths of
qU/Q on the Ground for a
Ground-Level Source,

F Stability.
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4. DNon-Gaussian Equations.

The Gaussian assumption is usually retained whenever the distribution in
more than one direction is desired. If only the downwind peak concentration is
needed, it is possible to drop the g priori functional form and adopt a com-
pletely general approach in relating concentration of contaminants to meteoro-
logical parameters. An example of the general approach is the technique devel-~
oped at the Air Force Cambridge Research Laboratories in connection with the
Ocean Breeze and Dry Gulch diffusion programs [9]. The relevant meteorological
parameters were assumed to be: the mean wind speed U, the downwind distance x,
the RMS wind-direction fluctuations OA, and the temperature difference A'" in de-
grees Farenheit between six feet and 54 feet (negative, if the F4-ft temperature
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was colder). A completely general equafion of the type

c./Q = Kx*U® 9, (AT + const)®

D )

was fitted to the C_/Q data by taking logarithms of both sides and using multi-
ple regression techniques to determine best-fitting valuss of X, a, b, ¢, and
d. cp ie the peak concentration which theoretically corresponds to the value
of @ on the centerline of the Gaussian model. It was found that /Q was inde~
pendently correlated with the mean wind speed U, but there was no aigniricunt
improvement when U was included in a multiple correlation. The resulting eque~
tion waa

(14 c.Q = 0.00212x"1:96 g ~0:506 (ap 4. 10)4.33
) o .,

AT and °A are strongly correlated ﬁith each other as indicated in Chapter 3,
paragraph 4. Therefore, the loss of accuracy by omitting one or the other
would be small. Since O, is hard to compute accurately without digital or ana-
log computers, a simplified equation using only x and AT was Geveloped for use
at the Titan II launch sites [15]. The simplified equation is

(15) c¢c/Q= 0.000175x"2+93 (ar + 10)4-92°

When this equation was tested with ﬂ[ e oSSR g £ BRI
a set of independent data for the IR PRI R B R
same locations, the predicted con- N Lot
centrations agreed with the ob-
served concentrations 65% of the
time within a factor of two and
within a factor of four, 94% of
the time. This equation is
grephed as Figure 31.

Most applications of diffusion
theory to safety require an esti-
mate of the distance beyond which
the concentration will be less
than a specified level. For this
purpose, Equation (15) can be con-
verted to the form

BRE

“ﬁ
TEIT
f¥

(16)

: b | 0 - S
RS e 7 W I PRE i " i

4
DOWNIIND OV TANGE (m}

x = 0,0388 (C,/Q)0*513 (a1410)2-33

Figure 31. Peak Concentration vs Down-
wind Distance from Equation (15),
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» Qagg In deriving these equations, data from three different sites were used, one

on the West Coast, one on the East Coast, and one in the Great Plains. The data
from the three different situs are all scatiered about the same regression lines;
therefore, the relations expressed by Equations (14) through (16) can be con-
sidered fairly universal.

5. Instantaneous Sources.

. The Gaussian equation for diffusion from an instentaneocus source was given
. BN as Equation (11). This equation requires a value for o, as & function of down-
wind distance; such values are shown in Figure 32 for three broad stability
W categories, as derived by the US Army Munitions Command Operations Research
Group (27). The values of 01 are larger in stable conditionsg because true down-
¢ wind diffusion depends on wihd shear, which is largest in stsble conditions.
The best values of 0 also differ from their values for continuous sources. The
. most important differences are that °y is smaller and increases less rapidly
b with distance for instantaneous sources than for continuous sources. Values of
e °v for instantaneous sources are given in Figure 33. These are a compromise
‘ between results of tests conducted at Dugway Proving Ground [25] and values
" recommended in [20]. The confidence in these O_ values is less than for contin-

y
uous sources.

1000,

“ m --1:
- /‘, :
v
f/ *!.
L) g
S 000 4000 : // R
i " x If / A k
i ~ 1500 v .4 4
& ad
- 1000
i o IS r
. €
: B 800 e LY d
Ry = -«x% © 7T )
A 300
| : - -4 Mg ! - 4 4
# > r <180 3 .4 g
- B a / S
B <100 > re
4
’c i A [l l Ll Ll J 1 11 4 131 25 I A
10* 10 10 100 1o
DOWNWIND DISTANCE (m) DOWNWIND DISTANCE
A% Figure 32. O, VE Downwind Distance for Figure 33. Uy vs Downwind Distarnce
Instantaneoug Source [27], for Instantanecus Source.
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The data on 0, from iastentaneous o | @
cources are «ven fewer., Data taken from
chemical-munitions trials at Lugway Prov- N -
ing Ground (25) yield U, estimutes for
traly ground-level releases that agres
very well with The valuec shown in Figure
22 for continuous sources. . For elevated
soureex, ¢, values given in [20] euggest
that A curve betwednn C and D of Figure 22
b2 used lor unstable conditions, a curve
between D and E for neutral conditions, — ‘ B N I X oo ;
and s curve slightly balow F for stuble skt 4 l o

' ecnditions. Values of the factor = e e . G s o
(a1 6.0 ! tor instantanenus jround- o IO‘L -+ e R TN
level releases are showi in Figure 34, “ ‘ '

‘zl } 3l N \ RIS . o
A & e o
. DOWNWIND OISTANCE {meters) B
6. Comparison of Equations. B .
S0 far, we have mentioned two dif- Figure 34, (2 U““z)-,;- tor In-
feront systems for relating air-pollutiocn ‘ Ny '
conuertrationn to more rdadily-available § ,
meteorological date. Neiltker of these systems can be considered really superior N
to the other. Both give very similar answers at short Qist&ﬁceq, where most of m
che data have been gathered. Unfortunately, therz has never been a diffus\;tbnv ‘
test with a simultaneous measurement of the parameters neede¢ to tect both sys-
tems. In most cases, the choice of systems 1s dictated by the type of data
available. ‘ : ‘ ‘ ‘ “

ey

L)

§

A2W Oy T2 7 {METERS)

8
»

-]

LRI

stentanedus Relectd.

Actual vertical temperature difference measurements are seldom available -
except at the Alr Force test ranges, Titan TI sites, and a few Army installa-
ticns. Nor is there any widely-accepted system for predicting these verticael
temperature differences from nther meteorological variables. Thus, for most
locations the only available tool is the Passulll-Gifford system outlined in
perograpn 3 of this chapter for which the required meteorologicael data, cloud -

cover, wind speed, and sun angle. Examples of calculatinns with thic systenm .
#11l be given in the Appendix. ‘

7. Mixing Depth: The Role of Elevated Inversions.

All of the diffusion equations described so far consider only the effect of
the lapse rate near the ground in determining the diffusion (or dilution) from
sources at or near the ground.

Tn many cases the lapse rate near the ground will be isothermal or even
adiabatic with & pronounced inversion a few hundred or few thousand feet above
the ground, In these sitvations the daiffusion near the zource behaves as if
thers were no inversion present. But because the inversion is present, the @
cloud or pollutant camunot grow indetinitely in the vertical direction. At




' ;Aprtl 1971 Technical Report 214

‘ distances rgr enough downwind the pollutant is uniformly mixed through the
layer below the inverslon and no further dilution can take place due to verti-
" cal mixing. The cloud does continue to expand horizontally unless the lateral
‘ spraad 15 also confined by hills parallel to the flow.

Some rulea of thumb for the effect of an elevated inversion can be stated as
follows: ‘

a, If ozlis known as a function of downwind diustance, x, determine the disg-
tances where Gz = H/2 end where °z » 2H, H being the height of the inversion.
For distances such that az < H/2, the elavated inversion can be ignored.

b, For distances such thatncz would be greater than 2H, assume a uniform
distribution in the vertical and use the faormulas

.\ , ) a - - 2 L
. ' () 4 J2T HU oy exp (¥ /2ay )
Ei ¢. For values of x such that o, would have been between #H and 2H, the con-
Ny centration can be estimated by drawing a straight line on log-log paper between
e the concentration at the value of x where &, would be #H and the concentration
at the distance where o, would be 2H.
o Unfortunately, the application of mixing-depth relations is limited to the
By Gausalan models described in paragraphs 2 and 3 of this chapter. ‘The stacvisti-
@ cal methods of paragraph 4 of this chapter cannot be used because o, is not

known independently as & function of distance. The inability te sccount for
mixing depth has not really affected safety calculations for liquid-propellant

¢ spills at the test ranges. The mixing~depth concept is lmportant for air-
. pollution problems of urban areas where there are numerous sources of pnllutic.:.
; and concentrations at the "annoyance" level are significant, Spills of liquid
propellants of the magnitude considered in test-range safety p;oblems would ‘
normally be diluted to safe levels in less dilstance than required for elevatcd\“

o inversions to be significant.
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Chapter 3

E PROCESSES OTHER THAN TURBULENT MIXING THAT AFFECT THE
DISTRIBUTION OF TOXIC MATERIAL

'f' 1, General.

The methods presented in Chapter 4 assume that nothing happsns to the ma-

terial other than dilution by turbulent mixing. This is not entirely the case

i as some liquid propsliants used in missiles (slso some CB agents) have & resc-
! j! tion with air that tends to diminish their concentration. There are also other
processes related to atmospheric dynamics, but not to turbulence, which alter
\ the distridbution of released matier. The reaction with air will be of substan.:
ol tial importance for some missile propellants soon o be tested, This type of
y depletion will be cunsidered first.

g 2. Concentration Changes Resulting from & Reaction with Air.

, Most missile liquid propellants of the hydrazine family react with air.
8 This reaction has been recognized for quite a while and was considered when de-
i termining the requirements for storage facilities dbut, no attention has been
~;‘(f @ pald to the effect such a reaction would have on the concentrations in the at-
Y mosphere following an accidental release. In some cases, as with unsymmetrical
, dimethyl lhydrazine (UDMH), the reaction is slow. In other cases, notably mono-
o methylhydrazine (MMH), the reaction is faster. Within helf an hour after mixing
i with adequate amounts of air, almost half of the MMH iy converted to harmless
,}kg by-products, which substantially reduces the downwind-hazard distance. The re-
T action may be even faster in the presence of certain catalysts, MMH will prob-
ably not present much of a p.oblem for the AWS staff meteorolozlst because there
are no current USAF plans to use 1t for anything except small rocket motors in
N ‘ deep-space probes. However, the reaction of MM provides an excellent example
"{f{ to illustrate the technique qf~calculating modified concentrations for reacting
o fuels,

An investigation of the reaction rate cf MMH [29] shows that, for concen-

- trations of MMH less than about 10% by volume, the rate of conversion of MMH de-
“ pends on the amount of MMH still presert. That is, the process can be described
py by the firat-order differential equation

dc
a MMH
(18) g = - oy
o
{5 in which CMMH is the concentration of MMH and k 1s the proportionality factor.

The solution of this equation 1is

N
g, @ Cromt = S5 ekt

b
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in which C, is the concentration at 100 &
time, t = O, A typical plot of the
concentration of a function of time g
is shown in Flgure 35,

It is clear that this behavier
; will affect the pattern of diffusion
' because the fundamental concept of "
' the statlistical theory of diffusion

is that the average position of a 0 REAGTION TIME

particle at some time, t, after it .

is released results from the proper- "Flgure 35. b’!.‘%rpioal goncentru;;“%o:‘l SR [j\, P
of Toxic Substance when an Initial- = Y

ties of the ensembled functions. Ac- 1y Toxic Substance Decays in Air %o

counting for the details of the dif« Form a Harmleu compound. .

fusivii s made somewhat more compli-

cated by having to account for the changing concentration of toxic mater:l.al 1n
each "blob" of air, but the most important type of calculation, the peak concen-
tration downwind, can be corrected very simply. As a first approximation, the
process of dilution due to the chemical reaction can be considered ‘a8 independ-
ent of the dilution due to mixing. In that case, the concentration ls obtained
by multiplying a"k"/u times the concentration that would have been obteined for

‘ a nonreacting substance. Two graphs will assist in making this calculation.
* @
RO" L S L A T T T T it
[- 3
10® g
. & 5
. 2 s
I x é
10°* §
-l 4 A -
106+ 10-% o 10
CECAY RATE (min™") DOWNWIND DISTANCE, X (meters)
Figure 36. Graph for Converting De- Figure 37. Correction Factor for
cay Rate and Wind Speed to K/U. Concentration of Decaylng Pollutants.
Figure 36 converts values of the decay constant k(min") and the wind speed in
knots to values of k/U for different values of x and k/U. Figure 37 gives the e

k2
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correction factor, e-kx/U, for different values of x and k/U. These graphs can
be used to correct the estimates of C_/Q obtained from Pasquill's curves, or
from Equations (14) or (15). Paragraph 4, Chapter 4 also contains an equation,
Equation (16), for estimating the distance beyond which the peak concentration
would be less than a prescribed valus. The corresponding equation for a sub-
stance of decsying toxicity would be

(19)  xe%:3136/V w0 0388(c Q)"0 513 (ar + 10)2+53

" This is simply Equation (16) with x replaced Ly xe°‘513kX/U. The value of x

which is a solution of Equation (19) is naturally smaller then the value ob-
tained from Equation (16). Figure 38 furnishes the sclution for Equaticn (19)
in terms of the solution of Equation (16) and the value of k/U determined from

Pigure 35.

.

4 (s} -
o '&*\ \O
Wt et

rrrrerm rrrTrenm LU [ { L || LI

L]

%

3

o-

1t 1itiiig

REVISED DISTANCE FOR APPROPRIATE K/U

9% 0 i0 Tk 0
DISTANGE CALCULATED FROM DIFFUSION EQUATION (m)

Figure 38. Revised Hazard Distances for Decaying
Pollutants.

S0 far we have discussed the case of a toxic chemical that reacts with air
to form harmless products. The reverse possibility exists, i.e., a vapor that
would be harmleas in the pure state, but toxic after reacting with atmospheric
oxygen or nitrogen. The equation for the concentration of such & toxic mate-
rial in a closed chamber would be:

(20) C=cp (1 - 5%

where C 1s the concentration of the new toxic compound at a given time and Cf is

43
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the concentration that would result from the conversion of all of the original @

chemical to the new compound. A typical plot of concentration versus time for
such a reaction 1s shown in Figure 39.

100

L

REACTION TiME

Flgure 39. Typical Concentration
of Toxic Substance when an Initial-
ly Harmless Substance Reacts with
Aixr to Form a Toxic Substance.

\ e

Invoking the same assumption of
independence of the diffusion and
the reaction rate which we used pre-
viously, the downwind peak concen-
tration would behave as indicated in
Figure 40. This behavior is quali-
tatively the same as the peak con-
centration from an elevated sourcey
it has a maximum value a short dis-
tance downwind from the release
point.

LOGARITHM OF CONCENTRATION

T S T R ) 100
DOWNWIND OISTANCE (k)

Figure 40.  Generalized Plot of Con-
centration Versusg Distance for a Sub~-
stance Having Characteristics Shown
in Figure 39. C

The first-order modification to the downwind concentration can be found
with the aid of Figure 37. For the case we are now consldering, use Figure 36
to obtain k/U. The required correction factor will be obtained by subtracting
from one the value of the ordinate from Figure 37. That is, 1f the value from
Figure 37 1s 0.30, the required correction factor is 0,70. There is not as
much point in calculating & correction for the downwind safe distance in this
case because the large distances wpuld be least affected.

Another possible concern is the fact that some materials, such as hydro-

chloric acid (HCl) and fluorine compounds, are hygroscopic and could be diluted

by the condensation of water vapor. There is some disagreement about whether

this would actually reduce the toxicity. 1In such cases, the Staff Surgeon or

Staff Bio-environmental Engineer should be responsible for setting the accept-

able concentrations for both vapor and aerosol forms. If the aerosol form (as

suspended liquid drops) is considered to be less hermful, 1t would be necessary

to estimate the rate at which water vapor will be attracted to the particles of e

Ly
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toxie cloud.

3. Other Depletion Processes:

a. Gravitational Settling and Impacting. The exhaust clouds from solid-
propellant rockets contain at least some particles that are large snough to
settle under the influence of gravity. If strong acids are present in the ex-
haust, smaller particles may become very hygroscopic and accumulate enough water
to have a definite fall velocity. In general, spherical particles larger than
20 microns [20] will have a tendency to settle if their density is large enough.
For liquid water drops up to 500 microns in diameter, the fall velocity of the
drops is as small or smaller than the vertical velocities associated with day-
time turbulence. The appropriate diffusion model for this casa is a combination
of normal diffusion and settling. A procedure for revising concentration esti-
mates to account for depletion of the total material in the cloud due to settl-
ing is presented in Meteorology and Atomic Energy, 1968 [2d). The correction
factors corresponding to the six Pasquill-Gifford stablility categories are shown
as functions of distance in Figure 41. Fall velocities may be estimated from
Figure 42,

LR BLALILLLE | LU BULLAL T T LML AL AR | """g
1.0 ]
« 4
: : =
: : z
z ]
o )
p=0.4p= 4
): i
s F 2
ol ] 0 4 biidk Qs L L d 1Lt A T
' 108 10 104 Y] 1004 IT]
DOWNWIND DISTANCE (urTEns)

Figure 41. Depletion of Pollu- Figure 42, Fall Ve~
tion Concentration Due to Gravi- locity of Spherical
tational Settling of Particles Water Drops as & Func-

(vg/U = .01 where the v, is the tion of Size,

deposition velocity).

b. Washout by Natural Precipitation. Washout of contaminants from the air
by precipitation is of considerable importance when considering the concentra-
tion of radioactive material in the atmosphere because it represents the only
way other than gravitational settling by which radicactive atoms can be renoved.
For that reason the subject of precipitation washout is important. A useful
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firat epproximation is to consider that the amount of material removed from the
toxic cloud per unit time is proportional to the concentration. Then, the re-
duction in concentration downwind is proportional io e'kx/u as seen in the pre-
vioua section. All of tho graphs required for adjusting the downwind concentra-
tions due to chemical reaction can also be used for computing washout. The

real uncertainty is the selection of a proper value of k for washout (Section
5.4 of [2). The washout problem is relevant to two types of situations in-
volving toxic substances. The first is the case of highly soluble gase: and

the other is when the toxic material is in the form of solid particles too small
to settle out, but larger than one micron in dismeter. It is not expected that
staf{ meteorologists will attempt washout calculations. The USAFETAC should be
consulted if washout celculations are needed because thare are substantial
problems in the ares of precipitation climatology involved in the selection of
the appropriate k values,

4. Characteristics of Real Vapor Releases.

All of the calculation methods presented so far were based on the assump-
tion of an instantaneous point source or a continuous point source. The point-
source approximation is generally acceptable for a spill of liquids covering a
fairly large area as long as the concentration calculations are not needed for
downwind distances less than ten times the diameter of the spill. Nevertheless,
the error involved would still exceed 1% for a distance of three kilometers if
the diameter of the spill ares were 50 feet., The error in the point-source
approximation is always on the safe side for locations along the centerline of
the cloud if the calculation is made assuming that all of the toxic vapor orig-
inates at a point in the center of the spill area.

The most questionable assumption when dealing with actual vapor relesses is
the assumption that the source strength is constant for 15 minutes or more.
This assumption is especially bad in the case of elther compressed gases or
cryogenic fuels. In both such cases, the source strength decreases rapidly in
the first few minutes. In the case of compressed gasea, the rate of release is
determined by the internal pressure of the holding tanik. The tank pres;afe is
reduced with time not only because the gas is escaping, but also, durgpg the
first few minutes by adiabatic cooling of the Zas. An example, Figu:g.43 shows
the rate of escape of compressed chlorine through a 1 1/3-inch hole I a 55-
ton tenk car [13]. :

The rate of evaporation of a spill of cryogenic fuels 1s determined primar-
ily by the temperature of the ground surface. The evaporation cools the ground
Just as the temperature of a wet-bulb thermometer is reduced by evaporation.
Eventually, an equilibrium temperature is reached at which the heat lost from
the surface due to evaporation of the fuel is equal to the upward flow of heat
by conduction through the soil. A recent analysis [30] of the evaporation of
eryogenic fuels indicates that, during the cool-down period, the evaporation
rete 1s given by

46
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& o o5, T
(21) QA_iAo aﬂ:s
Pr SRy

200
where QA =  evaporation rate \
per unit area

Ti = initial tempera-

Py = density of soil 8
p;, = density of fuel L
in liquid form 20
AH, = latent heat of

evaporation of
fuel.

ture ol soil E'“ e
To = boiling tempera- so N,
“ ture of cryogenic r0 N
fuel . N
ko= thermal sonduc- ¥ 8o N
s tivity of soil ] \\
C, = specific heat of 40
scil a

Equation (21) applies from short- 100 ~ 200 300

ly after the spill to the time MINUTES

that an equilibrium ground tenm-

perature is reached. The change Figure 43, Rate of Escape of Compressed
@ of evaporation rate with time is Chlorine Gas [13].

illustrated by Figure U44. The

slope of the line on a log-log plot is always ~1/2 because the denominator of

Equation {21) contains the square root of time, but the ordinate value depends

on the physical properties of the soil and the fuel involved.

The non-steady source strengths involved with actual vapor releases result

g W
. - z
o
§
>
w
MINUTES HOURS
| 2 s e} 2 3 .
! ) 100 1000 10,000 100,000
ELAPSED TIME, SEC
¥ @ Figure 44. Change of Evaporation Rate with Time.
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in a downwind concentration that changes with time. Typical concentration pro-
files at two different times are shown in Figure 45 fur the case where the fuel
of Figure 44 is spilled into a diked enclosure, 400 feet on & side. The con~
cave shape of the curve reflects the decreasing evaporation rate. For any par-
ticular time after the spill, there would be two downwind concentration maxima:
one close to the splll end the other at the farthest distance downwind.

10 MINUTES AFTER SPILL

DISTANCE DOWNWIND FROM POOL EDGE, FT

Figure 45, Typical Downwind Profiles of Concentration when Evap-
oration Rate is Not Steady.

For fuels which have a boiling point near or above normel atmospheric tem-
peratures, the effect of evaporation on the source atrength is much less, and
it is possible to approximate the source strength by a steady state. There is
always an initial wet-bulb effect but, in this case, the change of evaporation
rate 18 less drastic and a steady state 1s reached soorer. The preveiling wind
speed determines the evaporation rate together with the equilibrium temperature.
The most appropriate rate of evaporation for a particular fuel should be ob-
tained from operations or environmental safety personnel. For the liquid pro-
pellants used in the Titan-series rockets, a classified report by Space Tech~
nology Lahoratories, Inc. [10] contains a compilation of the data used in speci-
fying the operating-safety distance criteria for toxic sources at the Air Force
Eastern Test Range and the Air Force Western Test Range. That report is con-
sidered the best currently-available reference on the relation of source
strength to vind speed, propellant temperature, ares of spill, and density of
the liquid. However, since it is not readily avallable to most AWS personnel,
we strongly recommend, if assistance is required in this type of pollutant
problem, that units contact USAFETAC through their AWS channals.
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@ 5. Diffusion from Buoysnt Sourcec.

;fﬁ So far we have consldered only reloases at ground level of toxic substances
: that have nearly the same density as air. This limitation was appropriate in
TR safety analysis for the fuels used in the "core" of the Titan-series missiles.
However, there are now rocket motors in which the exhaust products are toxic.

‘ The classic example of this type of motor is the solid-propellant motor with
Yo beryllium additives,

There is a fundamental difference between the pollution problem of missile

R liquid propellants and the pollution problem for toxic exhausts. The toxic ex-
F/: % hausts are very hot and, therefore, much lighter than the surrounding air, which
\ } causes the exhaust to rise initially. Opposing this tendency for the exhaust to

) rise is the large downward velcoccity of the gases in a normal missile launching.
These opposing tendencies result in the formation of a complex, but nearly
AN spherical, cloud of gases at the launch pad, which then slowly rises. The be-
“ﬁ havior of this cloud for Titan III boosters has been analyzed by the Aerospace
Corporation [8].

U a. Traditional Approaches. The toxic hazards associated with these rising
';_ﬁ clouds are usually evaluated by assuming that the diffusion pattern at any dis-
S tance downwind is eqirivalent to the pattern frr. a non-buoyant elevated source.
Near the source this esquivalent release height would necessarily become higher
) and higher with increasing downwind distance as the exhaust cloud continues to
Y ' rise. Eventually, when s stable layer is reached, the cloud-rise will stop.
The equivalent relegse height would then b: constant for calculations further
downwind. Fortunately, for most toxic hatard calculations the equilibrium

)
‘ cloud-rise is achieved within a few minutes and, therefore, a constant "effec-
o tive height" can be used. Only for a detailed analysis of hazards near the pad
st would it be necessary to consider the change of "effective height" downwind.
' The existing data on the rise of instantaneocus clouds consist mostly of ob-
}Q} servation of "fireball" clouds from small nuclear-weapon experiments conducted
%ﬁf by the Atomic Energy Commission. Figure 46 shows the height rise as a function
BN
‘ T T T Y Y Y “T T d
10,000} .
antn[ o ]
.
Jff 1000 1 L 1 ! i 1 i L
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Qi ,10%al
‘ K ' Figure 46, Height Rise of Instantaneous Hot Releases [20].
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of qi/AO where Qi is the heat energy released and 49, the difference between the qg@
potential temperature at the top of any ground-based inversion and the potentlal
temperature at the equilibrium level. The solid line represents the equation

Q M
(22) h = 2.66 (E;—3—3§73§)

which was derived from small-scale laboratory experiments. The height given by
Equatior (22) may be combined with Equation (9) or (13) to estimate the maximum
concentration at ground level. However, the estimates of h from Equation (22)
are not too reliable and, therefore, the concentration estimates would be only
a first approximation.

If the values of heat released, Qi’ are at all large, it is doubtful whether
the maximum ground-level concentration would be obtained before the stabllity
regime changes due to diurnal effects. The real ground-level maximum would oc-
cur in connection with a process known as "fumigation," which was mentioned
briefly in Chapter 3.

In a typical fumigation situation the toxic products are initially carried
aloft by buoyancy into an elevated inversion, where the products remain sus-
pended with little diffusion. After sunrise an adiabatic lapse rate is esti-
mated from the ground up to the base of the stable layer. When the top of the
adiabatic layer reaches the height where the contaminants are located, the con- @
taminants are rapidly mixed throughout the adiabatic layer. The concentration
would then be uniform through the depth of the remaining inversion.

Unfortunately, there are no tested formulae for predicting the concentration
due to buoyant rise and subsequent fumigation. Two formulae have been proposed.
One, by Briggs [20] for a steady source is

-— = 0.05Q__
(23) qma.x FW 8"“ (hs + 5.1 F“ B-“)

= the average concentration at the point of maximum average con-
centration (g/m’)

Q = rate of release of toxic material

where

= buoyancy flux given by F = g(AT/Ts) Vsrn

F
g = gravitational constant
h = height of stack

r = gtack radius

5 = gtabllity parameter given by g/T 38/3z
T = temperature of stack gases

AT = temperature difference between stack and environment e

v = yvertical velocity of stack gases
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The other formula, daveloped at USAFETAC, is applicable to the fumigation from
large motors, where the hot exhaust-cloud is expected to be disiributed through
a fairly deep layer of any inversion. The USAFETAC formula 1<

ToQ/ 4t

M e
(3) 9 /2R U(ho,, + n®/8)

where q is defined as in Equation (23)

4Q = the amount of material that stops rising between any pair of lsen-
tropic surfaces, 8, and Oy, within the inversion

At = the time interval over which the temperature at the ground rises
from 6, to 8y (minutes)

« the height above ground of the remaining invérsion (meters)
U = mean wind speed at the inversion (meters/minutes).

oy = lateral standard deviation of clcud at the point and time where
calculation is made

The summation on AQ refers to the amounts of material previously "fumigated"
from lower levels within the inversion. The equation can be altered to fit the
case near a shoreline where the temperature in summer increases inland. In that
case, UAT should be replaced by b4x, a distance over which the teqperature rises
by the required amount.

The formula requires a value for “y’ the lateral standard deviation of the
cloud. An estimate of o, for coastal areas which fits data on mesoscale diffu-
sion given by [1] and also those data presented in [20] is ¢ = 25 t, where t is
the time in minutes since the release and °y is in meters. AXso fitting the data
from the references listed above, the relation Oy = 70 x can be used, where x 1s
the distance inland in kilometers, for those coastal cases where the temperature
change with distance is more significant than the local change with time. These
relations probably overestimate the rate of cloud growth with time or distance.
The gogt recgnt experimental work gives a rate of spreading that is proportional
tox '  ort '"., This is very near unity and substantiael differencee would be
noticed only for very large travel times. Equation (23) contains a measure of
the lateral spreading in the numerical coefficient; therefore, no further esti-
mates of spreading are needed to apply that formula.

b. Comment on Statistical Techniques. Completels statistical approaches
to the calculation of downwind hazard distances have heen very successiul for
cold ground~level sources. These equations were discussed in Chapter 4, The
success of these eguations has made it very tempting to try the same techniques
for hot sources. However, there are several conplications inherent in trying
to derive a purely statistical one-step prediction model for buoyant sources.

These difficulties all stem from the fact that a buoyant source is effec-
tively un elevated source, except in the immediate vicinity of the launch pad.

51




T T TN T R T O R T T

 Technical Report 2)4 S - April 1974

From the discussicn in the preceiing paragraph, we know that the ground-levei @
‘evnventration will have two maxtm&‘undftwo minima, The primary maximum is on
the launch‘pad itaeir. The concentration will decreasa rapidly away from the
launch ped becsause the exhaust cloud s 1n1t1|lly rising much faater than it 1a
djrfualng.\ A short dlstunce dcwnwind the clouu center will have leveled orr.
anc from that point onward, the' grbund-level oon&entration increases wntil a
‘secondary m;ximum 1s reanhed & consideteble d;utnnce downwind. Finally, bovond
the seuondarv mux;mum the con:antration decreaaaa to 13ro0 as the distance be- .
comes very large. From these c¢onsideratious it s ‘evident that an expression

. 0Z the form ¢ F/Q proportional to ? e {a contiuuausly decreasing function of x) .
could not poscibly describo the concentratione for all values of Gownwind dia- tole
tance. Furthermore, the depundence of C_/Q on AT or~oA raverses abruptly at the =
first downwind minimwa and again &t the sexondary maxihmm. In the zonee where
éoncentration decreases with distunce, ‘the dependéncg of 7 /Q on B and °A wou»d

bs' qualitatively similar to the cold-souras situation. 'The dependencs of cp/Q K

.‘on thcsc parameters is reversed in the regiun be hween the first downwind mini-.

mum and the secondary maximum Pmnallv, the distancos to the first minimam. and

[the secondary maximum are dep»ndent on Q {the heat' released) and AT. ' C

l In very unatuble condiﬁions the' concentraticn at the aeﬂondary maximum may
pot be much larger than at the first minimum. A scutter diagram of concentra-
"tion versus distance would show only a general decrease of concentration with‘\ — g
' distance and no particular cnrrelation with AT or Ope This 18 exactly the ce- : %
sult obtained in the Sand Storm diftusion program [24], which was "axried out

only witn unsrable conditicns at Edwarde Air Force Base.

. The conclusion that prediction equationa of the form of Equationa (14) or
(15) will not work for all posaiblie distancas does not mean that the develop-
ment of statisticul one~-sten diffusion equations is 1mpossib1e, only that con-
siderably move physical insight is needed. 1In pdrtiguler, it may be possible
to develop one-step équdtioné for limited purtions of the downwind hazard area.
Within any zone where the concentration is increasing or decreasing continuous-
ly with distance, a simple equaﬁion of the type used in Equation (14) would work.
'If it 1s possible to identify certain ranges of downwind distance for which the \
‘concentration is always 1nfthe increasing zone or always in the decreasing zone,
separate équations cou;d‘be developed for each zone.

The only parameter needed in addition to those in Equation (14) is the .
height cof buoyant cloud-rise. This height, in turn, depends on‘Qh and AT, To
include the buoyapt rise it is necessary only tu put in an additional factor
Qh and recalculate the multiple regreasion. The besti~fltting exponent for AT
will adjust itself to reflect the role that AT plays in determining both the
cloud-rise and the vertical diffusien.

¢. Continuous Buoyant Sources. The same general principles apply to air
-gollution emitted from smokestacks or longer-burning fires. The initial hest e
of the effluent causes the plume to rise and become equivalent to a 3ource
higher than the actual height of emlssion. Tre traditional approach has been to
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estimate the final height of tha plume and use that height in the formula for
diffusion from an elevated source. This procedure is acceptable only for dis-
tance downwind such that the plume has nearly reached its final height.

Until recently, this restriction on downwind distance was ignored in most
air-pollution calculations. However, G. A. Briggs, a meteorologist at the Oak
Ridge National Laboratories, has given a simple formula for "transitional" plume
heights [20]. This formula for the change of effective source heighf, 4h, with

dlstance is .
™ T U T T TN 1 ll‘elll

(25) oh = 2,0 F¥@ x¥ y=?

where U = mean wind at stack height
x = downwind distance

The following were defined in
connection with Equation (23)

2.0 F/iy-t

F = buoyancy flux,
F = g(AT/T) Vsr°

g = gravitational constant

inside stack radius

1 ' ll]} l ) '
o ' ‘ 100
AT = temperature difference BUOYANGY FLUX. L

between stack and en- Figure 47. First Step in Evaluaxing
vironment Transitional Plume Rise.

T _ = stack temperature oJ

Vs = gtack exit velocity

Once the buoysncy flux, F, has
been calculated, the calculation of Ah
is easily done with graphical aids as
follows:

1000

l\\l TTTTT

(1) Calculate buoyancy flux.

(2) Estimate wind speed at fioo

release level. “
(3) Enter Figure 47 with

buoyancy flux as the abscisse and go

up to the intersection with the wiad

value. Then, go across to the ordi- h///j::;;;::;/
nate to find the value of 2FY° u~?, 'oy/ e L4 L LLLtt

2 4
(4) Enter Figure 48 with tre 100 BOWNWIND ::a'rmc: (m) 10
downwind distance as the abscisgsa end

go up to the sloping line correspond- Figure 48. Second Graph for Transi-
ing to 2FY® U™, ¥ren this point, go tional Plume Rise.
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Chapter 6

THE ROLE OF THE STAFF METROROLOGIST IN AIR POLLUTION CONTROL

1. Qensrel.

Thers are two assential steps in air pollution control. They are: (1) re-
ducing emission of pollutants where practical by improved engineering and (2)
curtailing operations when atmospheric¢ dispersion is not active enough to pro-
duce acceptable pollution levels. A corollary activity is establishing hazard
areass in case toxic pollutants are involved. Meteorological support is needcd
for operational decisions on curtailing operations or setting up potential

hazard areas, and for plsnning purpcses in all aspects of alr pollution.

2. Meteorological Support for Planning.

Meteorological support for planning purposes is Jjust another kind of clima-
tology ~~ & diffusion climetology. Normally, new facilities will be sited and
constructed so as to minimize the possible air pollution etfects of aﬂy planned
or acclidentul release. If it were pogsible to find a perfect site, one at
which pollution concentrations would never axceed safe levels in populated areas,
there would be no need for operatiunally-oriented meteorological support.

The staff meteorologist normally reviews plans with the goal of determining
what sort of meteorological support will be required. The factor of possible
alr pollution should now be included in this review. It is impossible to em-
phasize too strongly the importance of examining ell aspects of Air Force re-
search and development programs to detsrmine whether & serious environmentul
hazard may exist routinely or accidentally. While the recognition of environ-
mental hazards 1s normally the responsibility of bio-environmental engineers,
it is often the meteorologlst who has the better "feel" for those zombinations
of emission and meteorological conditions that will produce dangerous concen-
trations of pollutants. The price of falling to detect environmental hazards
until late in the development program is often a costly re-programming of the
system. If the environmental hazard is recognized early in the development,
meteorological-data networks and control procedures can be developed concur-
rently. ‘

Much of what has Just heen sald pertains to such pollutants as toxic missile
fuels and combustion products. But there is also a need for meteorologicel sup-
port in plamning the more routine air-base functions, such as power~plant oper-
ations and outdoor burning for incineration or training of fire-fighting crews.

3. Studies of Pollution Potential.
In the air pollution analyais‘it is necessary to consider the prevailing
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winds and the modifications that are caused by topography or diurnal changes. 0
combined with studies of the mean wind speed and direction should be studies of

the diffusive power of the atmoaphere. In moat cases, the diffusivity would be

eatimated based on the considerations of Chapters 4 and 5. If a really critical
determination of concentrationa is required, an air-tracer survey should be con-

ducted at tho site in order to provide a reliable system for deciding whether

or not to curtail operations at a given time.

The evaluaiion of potential hazards both for site-selection purposes and for .

- specific releasas involves s knowledge cf atwnoapheric behavior on all scales

from the highs and lows of the synoptic weather map to the individual eddies

that dilute and redistribute the toxic matter and other pollutants within the
atmosphere.

Special summaries of hourly weather obsarvations can yield a"climatology of
diffusion according to the Pasquill-Gifford system. PFirst, the frequency of
each category is computed for each wind direction. Next, an estimated median- .
wind-speed for sach category is used together with mathematicel representetions
of Figures 21 and 22 to arrive at average concentrations.

4. Support for Current Operatiohs.
Two types of pollution concentration estimates are required on & more-or-. .
"real time" basis. One is used for a decision whether or not to curtail opera-
tions. The other, pertaining only to toxic substances, is the area to evacuete .
in case of an accidental reliease. Preparing a radioactive fallout plot is an
example of this type of hazard anslysis. Related to this second category of
support is operational forecasting for intentional releases of toxic materials
such as tests of CW agents or tests of rocket engines using toxic propellants.

Forecasting for intentional releases requires more precision then evaluating
the hazard areas for accldents, because the smount of material released is known
for the intentional case. It has heen said with regard to accidental releases
that "by the time you figure out how much material wes relsased, the incident is
over except for settling the lawsuits." Therefore, it is important to determine
in advance the probable hazard areas for a number of typical situations. The
situation which is commonly investigated by the Atomic Energy Commission is the
maximum c¢redible accident. A release of this magnitude is then evaluated for
hazard distances under a variety of meteorological conditions. .

5. Sources of Data and Technical issistance.

Within the Air Weather Service, expert asasistance on diffusion and eir pol~
lution problems mey be obtained from the USAFETAC. Thic unit, which has long
provided climatological services, has been given the mission of providing micro-
meteorological services as well. USAFETAC can provide studies based on data
from routine meteorologicel observations taken slmost anywhere. There are also
limited amounts of micrometeorvlogical data, mostly from existing missile e
ranges. USAFETAC parsonnel can assist in interpreting these data as they apply
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to the pqtthrn of dispersion of material released into the atmosphere.

In certain 2ages the site may be so remote that routine meteorological ob-
servations do not exiit.k Also, it has been the experience of many workers in
micrometeorology that it is quite difficult to quantitatively predict the mag-
nitude of the local variations sven when the qualitative varistions are under-
stood, For one or both of these reasons, it may prove necessary to employ
mobile meteorological observatlion teams. Air Weather Service has a capability
to provide routine meteorological observeations from remote sitea through the
resources of the 6th Weather Squadron. If the requirement for remote observa-
tions is recognized in time to program this support in the normal budgetary
cycle, the remote-site observation program can be ifunded by Air Weather Service.
If the requirement is not recognized in time for the normsl budgetary processes,
the remote-site observation program must be paid for with a transefer of funds
to Alr Weather Service by the operational agency that needs to use the remote
slte. Time limitations may dictate that the observational program be handled
by a contractor, possibly in connection with an air-tracer survey as outlined
below.

In cases where frequent releases of toxic mat: riel are contemplated, viz.,
test ranges, and alr-tracer survey should be undertaken in order to provide a
reliable system for deciding whether or not to release at & given time. An air-
tracer survey might even be Justified to fully determine the extent of the haz-
ard associated with the maximum credible accident. An air-tracer survey con-
sists of releasing known quantities of inert material into the atmosphere under
a varlety of meteorological conditions and sampling the concentration of this
material at a variety of downwind and crosswind distances. The staff meteor-
ologist can and should recommend to the operator of the proposed facility that
an air-tracer survey be conducted when necessary. The organizations that con-
duct air-tracer surveys can also take the routine meteorological observations
if these cannot be obtained from Air Weather Service resources, The USAFETAC
is familiar with tracer studies which have been conducted in the past and can
provide assistance in defining objectives for contract meteorological programs.
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Appendix

SUMMARY OF COMPUTATIONAL TECHNIQUES

In this Appendix the computations). aids and graphs (full size) are assem-
bled at the end for quick reference. Step-by-step procedures are given for
several examples,

The systematic nature of these calculations can easily give the impression
that air pollution concen‘rations can be accurately estimated. It should al-
ways be kept in mind that the concentrations calculated by these techniques
apply to open, level terrain. For an area characterized by irregular terrain,
the situation is severely complicated by the many local factors that were dis-
cussed in Chapter 2. The estimated concentrations should then be subjectively
modified to account for local changes in the flow pattern and differences in
the intensity of turbulent mixing.

l. General Form of Calculations.

The concentration of pollutants consists of the background level plus the
contribution due to local sources. All of the methods discussed in Chapters 4
and 5 concern diffusion from local sources. For simplicity, the background
concentration will be omitted in the examples which follow.

The contribution due tn local sources is computed by evaluating certain
factors in order. Each additional consideration can be accounted for by multi-
plying the result of the previous step by another factor. The complete equa-
tion for concentration from a single source can be represented as a series of
products, thus

q = [Source Stremgth]) X [Along-Wind Dilution] X [Cross-Section Dilution]
X [Vertical Term] X [Lateral Term] X [Depletion Term].

Any time a factor can be neglected, the value of its term is unity. Since mul-
tiplying by one leaves the answer unchanged, the unneeded terms are simply
omitted. The first three terms must always be used, and the vertical term is
usually needed. Numerical values of the various fectors can be obtained from
Figures 21 through 34, 36, 37, 47, and 48 with use of Tables 1 and 2. The use
of these values in the equation will now be illustrated,

a. Source Strength. If the source is continuous, it should be stated in
grams per second. If the source is instantaneous, the source strength is simply
the mass of contaminant release. All of the graphical sids in this report re-
quire metric units; i.e., meters, seconds, grams, etc. Thus, the mass should
be converted to grams (one pound equals 453.6 grams).
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b. Along-Wind Dilution. @
(1) Continuous Source. Divide the source strength by the wind speed
(meters per second) (1 kt = 0,515 m/sec). For smokestacks, the wind at release
" (stack) height can be estimated from Figure 49. For example, the wind at 66
feet would be 1.33 times the strength of the anemometer-level wind under neu-
tral conditions.

QOOfi 1

LA e o o o o AL 2 e an a2 2 o L ey
o) 1.5 20 25 30 35 40 45 80
WIND INCREASE FACTOR

Figure 49. CGraph for Determining Wind Speed at Release
(stack) Height.

(2) Instantaneous Source. Select a value from the right-hand scale of
Figure 32 according to the applicable stability category and the desired dis-
tance downwind of the release point. For example, at 1000 meters downwind in
neutral conditions, the divisor would be about 280 on the logarithmic scale.
Select the appropriate line as follows: If the stability category from Table 1
and Teble 2 is A or B, use the line marked "unstable." The "neutral" line e
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corresponds to Category D and the "atable" line is equivalent to Category E or
F. FPor Category C, use a value betwecen the "unstable" and "neutral" values.

¢. (ross-Section Dilution. The vertical and cross-wind dimensions of the
plume or puff increase downwind. The same amount of material muat occupy a
larger and larger space, thus lowering the concentration at the center of the
plume or puff, After this step the units will be grams per cubic¢ meter, Pro-
ceed as follows:

. (1) Continuous Source. Use the value on the ordinats of Figure 23 as
f a maltiplier.
| . (2) Instantaneous Source. Use the value on the ordinate of Figure 34

as a multiplier. For example, at a downwind distance of 300 meters in unstable
conditions, the factor would be about 5 X 10°%, Selection of the three cate-
gories was explained in paragraph 1(b)(2) or this Appendix.

x d, The Vertical Term. The vertical term i1s needed in most cases, even for
‘ concentrations measured at the height of the cloud center. In its most general
{i form, the vertical term is
-(z - h)*/20,° ~(z + h)*/20 "
e + e
N where h is the height of the cloud center above ground and z is the height above
iy @ ground where the concentration is measured. This general form is given here
only for the sake of completeness and 18 not used in the exsmples shown in this
S Appendix. An explanation of the equation and the reason for the second term is
N given by Sutton ([22] pp. 139-140) and in Meteorology and Atomic Energy 1968
. ([20] p. 99).
' When measuring at ground level, z becomes zero and the genera). equation re-
duces to
_h3/2°. 2
2e z
with h, the height of the cloud center above the ground. It 13 this reduced
. form of the equation that 1s used in the examples.

To aid in the calculations, Figure 24 was developed. It gives values of

2 3
- e /2b on the ordinate for any value of a on the abscisca. Values of the
parameter b are shown as a family of sloping lines. To use thz figures to
evaluate the vertical term, use the value of h as the absclssa and proceed up-

: ward to the (interpolated) sloping line corresponding to ¢, and proceed across
o to the appropriate value of
i"f ] )
s -h /20
: e 7
~ @ on the ordinate. Tnen double the result.
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The vertical term must bo modified if buoyant sources are involved, or if
there is a significant elevated inversion. If the source is buoyant, the ef-
fective source height must be found. Thir modified value of h is then used to
evaluate the vertical term in the usual way. Rules-of-thumb for estimating the
affect of inversions are given in Chapter 4. The necessary steps for various
situations can be summarized as followst

(1) Non-Buoyant Sources without ElevateA Inversions. For a given sta-
billty category and distance downwind, find °z from Figure 22, Evaluate the
term
_h. /EU ]
2e z

with the aid of Figure 24, as described above.

(2) Buoyant Sources without Elevated Inversions. Calculate Ah accord-
ing to the Holland formula

3V, 4., . T
- . 168 o (“
th = —yfem (1.5 + 2,68 x 107 » (1 Ti-)d]

Next, compute the buoyancy flux F = g V, R 1- T‘/Ts). (The definitions of
the symbols were given in Chapter 5.) Again, all units should be in meters or
meters per second. Enter Figure 47 with the buoyancy flux as the abscissa and
proceed up to the sloping line corresponding to the wind speed. From this
point, read across to the ordinate to find the value EFVh v, Now, enter PFig-
ure 48 with downwind distance as the abscisse and proceed up to the sioping

line corresponding to 2th u™'. From that point, proceed across to the ordinate
to find a second value of 4h. Use whichever value of Ah is smaller. Add Ah to
h and then proceed as in (1) above.

(3) Significant Inversion Aloft. First, use Figure 22 to find 9,.
There are three types of situations:

(a) For g, less than half the inversion height, neglect the in-
version and proceed as in (1) above.

(b) For g, more than twice the inversion height, the vertical
term is 2.56 OZ/H, where H 13 the inveraion height. By using this vertical
term, we convert Equation (10) to Equation (17).

(c) PFor °, between half and twice the inversion height, proceed
as follows., First evaluate the vertical term according to (1) or (2) above for
o, equal to half the inversion height. Plot this value on a log-log plot (such
as Figure 22 or 23) at the downwind distance where dz is half the inversion
height. At the distance where o, is twice the inversion-height, plot the value
5.12. The vertical term for any downwind distance in this range can be found
by Joining the two plotted points with a straight line. These steps are essen-
tially equivalent to following the "rules of thumb" given in Chapter 4, para-
graph 7. There would be a slight difference because the plct of o, on log-log

62
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paper is not a atraight line.

e. The Lateral Term. This term 1s not needed for calculating peak con-
centrations unless the peak is the result of the combined effect of several
scattered sources. The value of the lateral term is always unity for peak con-
¢antrations from single sources. The form of the term is

8 2
-y /20
e ¥y

where y is the cross-wind distance in meters.

(1) Continuous Sources, Figure 21 gives values of cy as a function of
downwind distances and stability category for the Pasquill-Gifford System, Use

Figure 21 to get oy and then use Figure 24 to evaluate

] 3
-y /20 ,
e y
as explained for the vertical term. Isopleths of q U/Q for ground-level concen-
trations from ground-lsvel sources are providsd as Figure 25 through 30. The
concentration, off axis, for any other values of z and h can be found by using
half the vertical term as a multiplier for the values in Figures 25 through 30.

(2) Instantaneous Sources. Figure 33 gives values of o_ for three
stability categories: unstable, neutral, and stable. Select the stability
category from Table 2 and the equivalence suggested for "along-wind dilution."

Use these values of cy with Figure 24 to evaluate the lateral term.

f. The Depletion Term. Various depletion processes are discussed at the
bezinning of Chapter 5.

(1) Concentrations Remaining in Follutant Cloud. Calculate depletion
rate per meter (K/U where K 1s depletiocn per unit time), Be sure the same time
units are used for U and K. Wind speeds in knots can té used with Figure 36 to
find X/U if K is expressed in depletion per minute. Figure 37 givea'the deple=-
tion term as a func ‘on of distance for a family of X/U values.

(2) Pcllutants Deposited on the Ground. There are two general cases:
dry deposition and washout due to rain. In the dry‘case, the deposit rate 1s
proportional to the ground-level concentration. For washout, the deposit is
proportional to the vertically-integrated depletion. Refer to Chapter 5 for
details.

2. Illustrative Examples.

In this section we present some complicated problems which require evalua-
tion of all terms except the depletion term and show the step-by-step solution
of these prcblems.

Example ). It is a summer afternoon at Edwards AFB and the surface wind is
from 350° at 13 kts., A small experimental rocket motor containing 20 grams of
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finely divided beryllium explodes on the top of a 15-ft test stand releasing a
cloud of beryllium particles which, for this problem, is assumed to have no
buoyancy. A group of engineers was standing 150 yards south of the teat stand

" at the time of the explosion. What was the maximum concentration of baryllium
that the engineers were exposed tof?

20gms

NO BUOYANCY

_________ — e

I8¢, 380%13 kts

T7 77777777 7777 77777777 S
{8Oyards

Figure 50, Diagram of Example 1.

Solution:

~

Step 1. Source strength: This is given as 20 grams; conversion to other units
is not required in this cese.

Step 2. Along-wind dilution factor: Using Figure 32 find the horizontael down-
wind distance, x (in meters).

x = 150 yds X 375%'%%5%%%3? X cosine (10°) = 135 meters

Using this distance, enter Figure 32 to get the downwind dilution fac-
tor. Table 2 gives the stability category as C. Interpolate between
the "neutral" and "unstable” line to obtain 25 meters as the factor.
Dividing 20 by 25 gives 0.80 grams/meter.

Step 3. Cross-section dilution: Go to Figure 34, For a downwind distance of
135 meters, interpolate between the "neutral" and "unstsble" curves to
obtain the factor 4.6 X 10”% per square meter. Multiply this by the
result of Step 2 to obtain 4.6 X 10”° x 0.30 = 3.68 x 10™® grams per
cubic meter on the centerline.

Step 4, vVertical term: The Pasquill stability category C has already been
selected from Table 2. For this category, Figure 22 gives o, = 10m
for the downwind distance 135 meters. There is no limiting inversion

64
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Step 5.

and we are neglecting buoyancy, thus, the vertical term need not bve
modified., Convert h to meters, i.e., h = 15/3.28 = 4,57 m. Using
Figure 24 with a = 4,57 and b = 10, the vertical term is 2 X 0.90 =
1,80, Thus, the .oncentration directly under the cloud would be
1.80 x 3.68 x 10™® = 6,62 x 10”2 g/m°.

Lateral term: The lateral distance from the cloud trajectory is

150 yd X 3 yd/3.28 m x Sin (10°) = 24 meters. Enter Figure 33 with
the dcwnwind distance (135 m) and interpolate again between the 'neu-
tral" and "unstable" lines to obtain o,s Which 18 7.5 meters. Use
Figure 24 with a = 24 and b = 7.5 to get the lateral term, which is
0.006, Multiplying this by the result of Step 4 gives the answer,

a~4 x107% grams/m®

Example 2. The base civil engineer proposes that a new base heating plent will
have a 65-ft stack, four feet in diameter at the top. The stack temperature
will be 600°F and stack velocity 10 ft/sec. Sulfur in the fuel oll is expected
to produce 270 grams/sec of SO as & combustion product. If the dining hall is
2000 feet northeast of the proposed heating plent, what would be the concentra-
tion of SOg on the ground at the dining hall at sunrise on a clear morning if
the winds were southwest at 4 kts at anemometer level? Assume the air tempera-
ture at stack height is 50°F and the station pressure is 1000 mb.

o

SOz = 270om/sac
41t DIAMETER

@~ AIR TEMP = 50°F

STACK TEMP z 600°F
STACK VELOCITY = 10 ft/sec

a5 ft

SW 4kfs ,
PRESSURE = 1000 mb DINING
HALL
Sw ff”////////'////////// 777777 NE
L 20001

Figure 51. Disgram of Example 2.
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B solution: @
o Step 1. Convert all unlts to metric. The atack height is 65/3.28 = 20 meters,
the stack diameter = 1.22 meters, the stack velocity 3 m/nec, the
stack temperature 316°C = 58¢°K, while the air temperature is 283°K.
N The surface (anemometer) wind is 2.06 m/sec and the downwind distance
to the dining hall is 610 meters. The continuous source strength (270
By gm/sec) is already in metric units, and the stability conditlon is

¥ stable (Category E). .
i Step 2. Along-wind dilution: First, find the wind at stack height. Fron
LQ Figure 49, the multiplier would be 1.95 under stable conditions, thus, .

the wind speed is 4 m/sec. Pividing the release rate (270 grams/sec)
g by 4 m/sec gives 67.5 grems/meter.

Step 3. Cross-section dilution: The stablility cetegory determined ‘rom Tablesn
i 1l and 2 is E. The diluticn factor, Figure 23, for Category E and a
downwind distance of 610 meters is 3.43 X 107*. Multiply this by 67.%
(the result of Step 2) to get 2.30 X 10™® g/m®.

Step 4. Vertical term: This problem involves a buoyant source, so the first
. thing is to evaluale the additional rise, Ah, above the sgtack height.
oy The Holland formula for Ah with a correction of 3 gives

.; on = 3BUL-22) 115 4 2.68 x 107 x 1000 1.0 - E3)(1.22)] @

= 2,74 (1.5 + 1.71) = 8.8 m

% Compare this with the "transitional' plume rise given by Figures 47
s and 48. The buoyancy flux, F, is

9.8 x 3.0 x (.61)% (1.0 - %g%) = 5,7

‘ Enter Figuve 47 with 5.7 on the abscissa and read up to the 4 n/sec
I (stack-height wind) line. The value from this graph (read from the
> ordinate) is 0.9. Enter Figure 48 et a downwind distance of 610 meters
"o and proceed up to the (interpolated) sloping line corresponding to 0.9
‘ from Figure 47, Reading across to the ordinate, find Ah = 64 meters.
N Use the lesser value for &h. Add this to 20 m (the original stack

,w? height) to give an effective height of 29 meters. Next, find Oy from .
=i Figure 22. In this case, o, is 14 meters. At ground level z = 0,

B Thus, |z + h| = |z - h| = 29. The vertical term (using Figure 24 with

- a =29 and b = 14) becomes 0.1 + 0.1 = 0.2. Thus, the ground-level
e concentration 1s 4.6 x 10™° grams/m® or 4.€ milligrams per cubic meter.

‘: Example 3. Suppose the heating plant of Example 2 continued to emit 270 grams/

Q‘ sec of 503 two hours after sunrise, at which time the ground-based inversion '

' 3 had lifted to 200 feet and the surfece winds had increased to 9 knots. What e
would the SO concentration at the dining hall be then?

66
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" — INVERSION AT 2007t

SOg* 270 gm/sec
41t DIAMETER

— ‘ | «—— AIR TEMP = 50°F

STACK TEMP e GOO°F
STACK VELOCITY = 10 ft/sac

o =] oy pkis

DINING
PRESSURE * 1000 mb
. HALL
sw HITTIITTTTI7T 7777777 7777777777 NE
- 20001t >

Solution:

Step 1.

Ster 2.

Step 3.

Step 4.

Figure 52. Diagram of Exsmple 3.

All values are the same as in the last problem except the surface wind
is 4.6 m/sec and the stahility category is now C.

The rate of increase of wind with height should now be interpolated
between the "neutral" and "unstable" linee of Figure 49, giving us now
an increase factor of 1.3, giving 6.0 m/sec. Dividing 270 by 6.0 gives
45,0 grams/meter.

The cross-section dilution factor for 610 meters and C stabllity is
6.0 x 10", Thus, the concentration on the centerline of the smoke
plume is 45.0 X 6.0 x 10™® = 2,7 x 10™? grams/m®.

Pind the valuz of“dz corresponding to 610 meters downwind for C stabil-
ity. From Figure 22, c, is 37 meters. This is mors than half the in-
version height (61 meters), but less than twice the inversion height.
Thus, the method given in paragraph 1d(3) of the Appendix must be used.
The distance at which 0, would be half the inversion height is 480
met:rs downwind for category C stability. Similarly. Figure 22 gives
2700 meters as the distance where o, would be twice the inversion
height. First, evaluate the vertical term in the normel way for & o,
of 30 meters. The effective source height is now somewhat lower be-

cause of the increased wind speed at stack height. Ah ig now

301G-22) (1.50 + 1.71) = 5.87 m

67
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This. added %o the 20-meter ata.ck helght ma.kea the mrro t've height Q \
now 26 meters. Enter Figure 24 witb &= 25 andly = 10, Srtting 0. 72 ‘

: aor the exponential tetm. Thias term, in turn, 1¢ douoled to ‘gat the
vurtical term (- 1:44) at 430 meters. 1ownwi(d. Next, find any fenven-

" ient log-log paper. (Fign“a 21 or Fizure 2& would do.) ‘At 480 metsrs

= downwind, plot e poinv with an ordinate\value of L. bk, At 2.2 km down-
wird, plot @ point with 5.12 as 4he ordinate. Join these two pointe

"'with a straight line and read 1.75 as. the vertical term for & downwind

dissance of 610 mptera. Mnltiply 1 75 by the result of Step 3

a», % 10‘“ X 1. 7= = 4,7 x 10 -3 sramsﬁn

\Notice that this coneentration 3z higher thun the ounoentration calcu- T
.lated in Exampae 2,. even,thoush the aurface wind. is stronger and the v
lapse rate is unstable raxt o the graund. \ ' g N

3. ogputationg; Tables and ' Graghs.‘ (

} Tab;ea 1l ana 2 along w*th the figu*es appearing on the following pases are S
repeated from preceding chapters of tals su‘de to allow easy access to the in-
formation required for the calculations within this Appendix. The larvger size:
of these duplicaoed grapns will nllow more accurate data to be resd and their
use in solving problams in the field will be enharnced. K ‘ @

|

4
TABLE 1
Net Radiation Classes

Elevation of 8un

Cloud Cover Night s15° | > i535but > zbssbut > 65°
< 3/8 -2 -1 +1 +2 +3
3/8 or 4/8 at any A
16000 £t (incl. -@)

@ adbv 16000 £t or

@ between 7000 ft -1 0 \ 0 +1 +1
and 16000 ft »
® below 7000 1t 0 o} v} o +1
® below 7000 ft 0 0 0 o] 0
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. TABLE 2

stahility Category Based On Wind Bpecd nnd Net Rndiution

Surracg wind Spoed. Net Radiation clusn (see Table 1)

m/sea | knots +8 | + [+1 [0 | - | -2

<2 <4 A [ AB | B | D E ¥

23 4-6 A-B B s | » E| P

- 35 6-10 B | Bg.| 0| D D| B

5-6 10-12 ¢. | C=D D| D D D

b >6 > 12 c D D| D D D

2

o]

08 8aAR1 i

g e

3
S EFFEFERH -

» HORIZONTAL DISPERSION COEFFICIENY (m)
S
)

il -

Al et 5‘

R L I

]"h.r il "llxli i

,mwwfain$?iifmmmiramﬁmir~mA




‘ ‘A‘»*I
&

)

)

Oy , VERTICAL DISPERSION COEFFICIENT

April 1971

-l s ®
L
H
Vo p
6 ] b
HHH4
: i
; ;

-1
==

A

"&"Q.;s:r’\.’
S

RS
B
A1)

)
ANGE
“u_ )

-
i T
4 T
i
T
it 1 34 :
i _L‘H
fis RN
| {1 i

DISTARNGCE 'ROM SOURCE (m)

¥ “,'f!',‘g £

LR AN

. 1Ty

FURE SOAEN
d "‘Q‘;‘ “b’f‘\
ST N




Technical Report 214

Aprid 1971

= -
EE 4 SRS
i H—
3
1
el i
w1 5 Bty
=8 ]

ISER [ :
-3 195 T :
3EES S 3 4 .
HEF4 4 i
=3 |- -t 3
333 ¥ = 3 .-
141§ ¢ - i
11 T bt
- - - . i
i I EE R RS
I aEE 1
- - T +
£ = i I
= £ +
= o =
B H
T E4 F: ]

o 2 A
i1 *

;;A.\ r. i
5 § g - .
H
D o
’ [4
) *

S

~

DISTANCE , km

(£

-




April 1971

Technical Report 214

LR
400 |1000sa

T
200

T T T
20 40 100

T
10

LR

.0001

DOWNWIND OISTANCE (x), km

Y
-4
- L] - ~
’ [ [ L]
o ° o o
z T T T
- 11 3
Lr.l +
- e
) t
;
t
1 T
mul 3
s
sexs
o5 i t
i T
+
~H 3
T
H s om ¥
e T » 3
s w3 =
sss HH saa
3 as w =
. HH o
sarm
w
x L 3
w - »
H » e 2
1+ H 1
3 - n
I
e
= %
3 ws
3 r
a: 1 b W 2
==
ST - 3
- -+t I
_— .
pxi 5
o 1u
=8 88 -
2 suw ¥
u-wm ]
aaze
L
H+ pre+s
o [ Tt
sum = sex
san < =
= W) S _ i
g 1 »
N> HE ,
oo $ S .
oun
ER -
e G -
i @ :
HH ™ g ]
=2 F $
H 1)) :
Eex 3
s L X 1
11T
t <
ey raa 1

L2

T2

[

[N B NN W e N P

P B m.;_.,._ .



wy ‘(4) IONVLSIG ONIMSSOND

wy ‘(A) 3ONVLISIO ONIMSSOHD

-~
E s = - = e - - ~ €
P ] [l 3 » [] [ [) [ [} b4 ] ~ = -]
- - - - - -
o~ © e ¢ o - o ] o 3 3L T I 2 e :
e — b > wo © 0 0 0 © b o o
IR b X N T I ¥ ¥ ~ rrrr T T s mx pyyn ~
Fi poveds. v i “&w : 3 " I bext F T ? TR ¥ PR SBnARIEEeS
| 9 L2 L1 T I Su e I3 u b =1 b ! 3 ize Ase s BA SRARS S BB
¥ x EER: o 3 : : 1 z ] ] & 55 23 9% 3081
o ees ' o = Fogs saam: = T = 3 TLREE L ks npAatanl SR geas. 2 = e ™
[} ; 3 i = 3 : : Rt H h o b
34 111 y i e 1 1
PRt I < »m2 = kY % 18 B L — 3 ——
© e iay : & : g i 3 3 _
[+ 3 ] ; : ; e T ; B FEESAL 1 - : 158 Sl
T i i b3 ou pa o +4 n : a8 u T o s 1 T E sane 23 : : 1§ BEESS A H ol
= 3 ra: - 82 FREOYSIPEL | runs y 5. i B% Daekd T
-M = b 1 s H H 2] mu v SETES SrPe) | FSlFs &
4 113 =+ .t B H £ 1 =i we b 283 u4 1 ] i -
& E & 5 A e Heo i £33 1ERE SEm 1
-y 5 S5% 55, 53 505 IS &3 s T a - = S SBEE renEw.
+ - i 4 - T g i 4 7
[ Tam, 15201 L VR0 bya ) nanh aamy = 33 NN ESSaRRan | have t wea thans swaay Lagnsss I3
- ) W ’ e —— b sasay 3 Ry - et et + % 1
< - e HHH H N Y ) T
© -~ E sus EEEE | B 8 3} HR- 3 SR
© : : : : au, 58 se s oH ;
k. r . - = eni et BE S vam L TRaE Y
= jneryes se: ] > - = > sgra 18 IBEASL BOE 5 Snx R } s w.
- 3 3 ; 3 SErRaNas Sewng
o e H eeT s us ; L
g san R eiL HEE X digse e E _
> - - P b =44 -
*- = + 58 B3 B 14 1 .
3 . T t o SEL S EBE 3 — n * .
: zaua =a ) xue, 2§ vraas e 1w tam ]
[ SESSS b >t 59 e a et 14 | 3 N oul B o \ )
oy + $5.'31 nEawhoe & T a3 BRI X | 3 .
- : Ip. [B5s & x HRT = s i o n
pores i ¢ . ] Iﬁ.. - x
=T E98 & T3, § P9y by 1 posEY 15 un) - ] -4 et - o
ne 1 3 soees saget ot -~ H £ R e -
: =<, H o = Hr o H X 8 sdaes suend x
[Soas salet JEE z M Y [T % B om H T hd :
wy souss e o I T Rug a2 -~ N HR b1 1588 42 sz ad -
- ~ Hr 14 I Ty 1
: % pwazy SESDe 5o > H I a3 7 -
oS5 P To3 neabs Labd Re T = jass eeas ians y S, siai 28 : o
NI ¥ CopES sae ; s e H 3 2 : 8 "aEE m
bournasadrin a4 bontR Sganes 5 3 H e -
= snsw [
poebeopns svwy b v 4 4 e soss; rae s < < T . s T = 3
HrHH + H FHH 1 | I 2 a8 1 - w
: : 3 s 5 it L ! N -
: =3 = 3 ¥ T T
feass bt : o o EEe, 5 TP : : :
e 3 z BEdba a5 3 %;x 11 H -+ R R o m
+ - + I+ ssashy -
SEEscEanmii e X i o | : T 2~ ..
: 1 ; ot } £ aesy beasss T
£ > 3 S 5 S ESage B SSpuEEsEEs
s En e . ! z 3 gait
=¥ + i - i : ! i
: S = i i W ¢ be 23%: 13333550 o
2 L 1337 { s 58w i +1 P DRy ; 24 Shane - el
: o : i i T rHH H : : faas sanpa s et = :
Fpog £ = ; ¥ Sa% : §obsseuas Listatasat 2208 HE ~
: - 1 13 - s e Seigates i i T 11 BuNE g8 o pars §
: = = i e rasa Saut b e
sl i agyeisiyy fee 53 H izt yERe igmey RRSEE 30 RS as S TSy 15851 533 3232
s z : i 3 raats LreELToeay bt + S
3 3 . s HEALT o ot = 253 .
s e " s oo 2 rn »a BRS Ny 98 B - - el - > <+
+ + r o Hg 3 [SS3 RaGN PunlE SEESY Bog e 0 14 bl 1 83 ‘maal
ss Siosi it S i Suis X S R i : : 1
s et 1 e o~ b o2 SRR soant sesel posag peniy ades boinl sibes bise T
= - s g H o - SR AN 2EUS URYY IRSELIGIUS SDDWE FRSAE BIGEN PReGE ST W
* + 14 -1 o . IREN $F OO SEORS hudud (N EHION SO0 R I e o ) o
B 1 e Y " - 7 US4 a4 i 33 Foatn sanks shudd So2al bESeS Syntd sub) e 11] 8
- : : HT O S sieds oot baghs sop e setys Soudt Whdds pder s T
= 5e oo = r - 7 = I : 1 i ! L 3
Anv > IF t re : . Ht :
- - . e
4\ = : : 3t = > i
T 3 N H un 4
- 3 } I3 o] H T
- Py ? [ H —
- g
buE 1 + 3 a
2 = s : - : -} o ;
— b — bl
On E i : : H D5 — e
: pope sheee 234 =
——— A P o -3l u Y A -
P Spwne vy oy " - = ]
shohegs et Soegy L & - 12
O sy ey 1 5 i F P ;
7._ : e Jo0es poees Ieais pass [35Es =3 IS Q Wmm Y .
: = ozl pes
9 —rer - Joy o IErae i . » thdieside pbd : -
—— pon_e ™ -— FEOPY vy * - - L .
~ = : faes & g B o me ;3az ] Q
[oa s & . + + SSSS D -— SERES SO -
e 2o E3% Sa 5 SLHTH e54} pyavt sdyss IR0 Shu s Sobe 195
- © - ) o ~ o
&




April 1971

Technical Report 214

?

v o
Lo IS

'l

1078
qu,m-2
Q
10-"
10-13
10-1t
109
10°7
10-¢
l0-2
10-'8
10
10-%
10°
4106
10°%

10+
Ll 100
e

T T ~ d
EEE : =it 2558 : b i £ oK
- - T =t st i
- s 12 zave:
== : : i % 3 35 it
= , t =8 25
I = ; 1 + 3 i 3 3 8. an )
51 " s £ | pus  us - HR i
= _ S S SIS : : . 3
< t T » + -
= + + 3 1 : 1 T 1T Hr . a8
. His s’ ;o g T © Eees = ©
T = : 4 BE3S: 1 1 H pais eai ds :
ey T 3 T3 a1 s H THH e i8es 8223 :
peangny by e swes X - : 3 } n T = Saas a3 —+H = ! .
- pasy — r I
= : e |22 T it f Hnn” ¥
- - ) o 8 4+ L S
p= o - $= =y 2 o = £ . T a :
poey - bu A3 1%: Beans [ SRR RN . - i HH 15885
o - pEes 53 . e q T : . 13 7 1 T - ¢
podas sutud Chodd spden oo P S5y =4 b = nuy SOERE B + sy s
[P Crpee seupy Piois semew Sood Tpes sangs Souas tnigy = o yei 2 AT : 1t
b s i - T ki 1 + =
[P pums Soaug Sneme SOQEy Supes SESTY SppEY 2o pus v i 3 Sm pwa p=s 2 1o £ T X 1 © t +4 0n ‘
jiebeing Sibesant . t 3 T 1 .
ey sious Frddd o 34 fas vy : X : a ioe it : € LCEypEh t 13
* - PR 3T 21 -
ppimny by [o0s EUpEY bpay Sy : H + - ey aran T+ * 3 Begig & ] *
ol oot T e S PR Py ~ <113 ' SO T 1 1+ - 1T i 7 -
bl 2 o - ~ — = x * - - i i b § ~—~
P [ibos thocd S Wiiad Sowsy Srase revs Euehd . o T o~ 1 s k% ' o * Ty H o
IoTT T 52 ER050 puady Fhets Sovet SOgEa Sosde v : sy : Y = ~ T ¥ + 4 ~
o B B FF St Soat PR tedea =k , 523228 SRies i B : il & F-4H w b E w
: PS b vpas fotas sus ¢ . Y it i 58 Susn % 8\ 85 %01 fods tguual ! -
e o = 2 EECRS SEony L tot e } e & [ s ek hi : < an Eanas sagur s 2
- poes prwws pewwmy rem | 18 e £z ¢ < oy T o s xras s ponss ppoas = 4‘
ET% £5o08 Shoes BiPas Sopis Fewis SEoRS [Lees shous ShEES phaks gwus Ruces : 2 o - = i e
4 - a3 L] (Y Iaman & 58 82 [ ]
Podel Span: HEE [oiet Lote SIs Sutes Bo PEYES SUueg pawey 1 =% ¥ m - = : Swons -
[0 Gt Puts Spt SDED Sales bidhy bawes bl sowin 18 8¢ e B r o ] (=]
et Sos=d FYSC] Fet FEou) FRagt Soo 5 A : i =4 us e
c r (=] Q . [=] [
S 2 THEE T
= 1 1y E
2 = jasst anspe e I ‘
: E pEasE pauss vl
e ] I H ™o
- T | 98 &5 04
o pa i bay EE o
+— -+ 3
X
3 "3
AT o
e “L‘-
Q2
+ i ™
e IS >
petsi e s o
il 0 .
: B 5 e
= uF ke o
oy ppEDe ¢ x
oy o = 1SRy (2
2 fSess &
j oy DENS 94 -
yie 3 > Peiras '
»uw T RSane 3 O
= - T g * .
Tir * - Fbgas by n .
SR O g
39=s A1
ST 1 Qi ges HE: ]
pes —- pages bases O
[vey m pages padan b .
j2i s
R al
32 BERES SS255 "
| Eatan Cooas tanas baass sobus 834 ¢ 154
mﬁn ISkps dtruon yhogs Sends sid
55 ks o
: L b3 yng Jad ASRIE S8 0d [« ..

o~
wy ‘() IONVLISIG CNiMSSOND

8
LOR
]
0

- L T o w D T o - o SR W R T o DS o - - S e e e W B - T - IR SRR B
A AC AL B Pageat gt 3¢ M P NS T P T e N el e i s s e ar A E T P e SR AR TSP ORI
ol il - e Ak W Ty G o w V\‘\@:v-n%l Piaiacnr L i & - e W e W P e U - - fow o o e L ('?0 L Lt




. April 1971 Technical Report 214

o
ity

»
S

N

it

&

S,

S E IR eyt
o8 frovttess

(¢ ]

it i

LT
]
i

5
k<]

[+ ]

KEUFFEL & ESSER CO.

SR
NORMALIZED PEAK CONCENTRATION Cp/Q
N

o DOWNWIND DISTANCE (m)

..'r" ‘ v ~' l“f‘§“t" [ . N v" I" ; ety 0.5‘ ) gQ‘ 'i‘g ( o I" \ ,'t " "‘t , @ "h e '”\* A s
l ﬁ ‘ ‘. <

Wi ‘ : X
- AR P ; 3t !,D R r“ej‘ oy Y



Technical Report 214 April 1971

100

::F

1G. 3

i ihi

Al O 1A

100}ttt L

Oy (m)

e o8 2 6 1o
DOWNWIND DISTANCE (m)

76

’ .»....‘JN ,.

N QF v B N



April 1971 Technical Report 214

d: . . FIG. 34

S,

| s nbatuavayiity
b, | S muaynnunbagyssy

(2w0oy 0;)"' (METERS)
<)

13111

-8 TN Rt

0

T 'y
| soCEmnansssnis 1 . 1 ") 11
yos » 1

. 100 2 s 0 2 8 0
DOWNWIND DISTANCE (m)




April 1971

Technical Report 214

sretdreimbeiedel L i

il

ordeak

N

___i.illll

l;l

2
DECAY RATE (mir)

2

10-2

78




April 1971 Technical Report 214

78

S0k—

CORRECTION FACTOR
3 .
LAWLS I

o
]
it

°

O

[+
1

DOWNWIND DISTANCE, X (meters)

79

4 www'~mn-um—.' —‘:m.nw'-umr. e ‘ ot ~' ' - ' = i S
. . . a . .




Technical Report 214 April 1971

S .
- tt ! i
1
it
1 2'
i
i
it
it
|
1
sadLEs
e
: &
§ ]hli}l”
+ H
1 "
" .
Vb { I
by
v:%' 1
N BERT JER: 1L
e
tx
‘Q‘..
Yo
& it
e , i
." - [ } ,““
W, Rl ; denbd RN SRR
i - i M3k HIT R s ol 1 g
;}‘ L it L ! o L } L
E“‘;: o" | ]x . I ik ” I 1 JiLl
oy I 2 5 10 2 L 100 ‘4

v BUOYANCY FLUX, F

80

4 8.7 8 e AR T R e ‘

”i."l‘"‘\'*ff",‘gf"l‘ , RN a "uy'&.\ o
LT N \ti <k ¥y

e ‘a‘ 0y ’:','0' ’b Y
¥




At Ak R R e et et et

- “ T,
=
Y
1
-4
o
©
5

"t
<
o
ori
®
T.

April 1971

R
kS
; e ot B 3
. ¥ TER. 2535 HHE £
: N i i
H ™ a HH
¥ £ EA= = i =23
] 1 H < N
= = pxw » u s
; .-lﬁ iH RE
—— ¥ T 4 I
; THA X s 3 PR
LiLiRd LERY A
i 1) W 11 1 HT
= e % L H
i3igEcRT ¥ F 5132
H i : = e
H o = 1 + T
3 : HHT
H] s o = i
arT {11 e }
o] HEHN N s ¥
; H 1
] a BEER I isi
i a i
i WS i i
1 xun qny i
i [ al
; 0 H|
{ A i
i i \ N i T
il iH 1] ¥ w B
= =
: ==SE 3 sz =
b H HH
1 ==2 = 3
5
- =
H
i 3 H X
u; e, BEY HH
5 X r ;184 T - -
131 1 1 _T
19 1 44
H |
st 2= s 1
Sam 43 - u
H £ 222
(+0) SN S 3 S
a — . -
- 3 +
ax iy H 1
Tim N HHH
0 v il 1
+ N 1 T
183 u siigsn e Panma it u o
J + 1 1 .
H M T b 5 B
IS L S SR i $3% H j i
RTINS YRS S N0 1 I i 1
| L] 3 t 1Y
{ 1 !
i : : N
H } 1 \
H
it Hi H i I ; h s
i B i b it i i A Y

(W) HY

[s)
DOWNWIND DISTANCE (m)
81

100




‘Peohnical Report 214 . | _ © Apetl 29T2

o RUFERENCES i QE!D
~ N ',v .
L) Angell, J. K. and Pack, D. H.: "Mesoscale Diffusion from Tetroon Flights,"
\ N in: Prpceedings. of the USAEC Meteorological Information Mseting, Chalk
 River, Ontatlo, &, September 11-14, 1G0T, pD. AUI-251,

fa] Blackadai, A K. YA Single Leyex Theory of the Vertical Distribution of
‘ Wind in a Baroolinie Nsutral Atmospheric Boundary Layer,’ in: Flux of

{agt_and Momehtum irn 'uhe Rlanetary Bounda er of the Atmosphere,
B S %§§§§5:53£;fx r Force Cambridge Research Eaﬁofafokies,
r

. )
? by TR

o ! - g 29 pp.‘: -220 P
{3, ~ramer, H. R, "A Practicel Method for Estimating the Dispersal of Atmos-
© " pheric Contaminents,” Proc. lst National Conference on Agglied Meteor.,

_ Amer. Meteorol. Soc., Hartiord, CT, 1957, Pp. o- o C~55. -

f4] Davenport, A. G.: "The Relationship of Wind Structure to Wind Loading."
Paper presented at Int. Conf. on The Wind Effects on Buildings and
gtructures, 25-28 June 1963, National Physical Laboratory, Teddington,
Middlesex, England.

[5] DeMarrais, G. and Islitzerﬁ N. F.: "Diffusion Climatology of the National
Reactor Testing Station,” USAEC Report IDO-12015, U.S. Weather Bureau,
Idaho Falls, ID, 1960.

[6] Ceiger, R.: The Climate Near the Ground, Harvard University Press, Cam-
bridge, MA, .

(7] Gifford, F.: "Use of Routine Msteorological Observations for Estimating
Atmospheric Dispersion," Nuclear Safety, Vol. 2, No. 4, 1961, pp. 47-51.

[8] Hart, W. S.: "Predictions of the Terminal Altitude ond Size of Large Buoy-
ant Clouds Generated by Rocket Launches,' Report No. TR-0066(5115-10)-1,
The Aercspace Corporation, El Segundo, CA,

[9] Haugv b, *n% ;ﬁyinr,ng. (Edg.%éLThe Ocean Breeze and Gulch Diffu-
sio.. .., Vol. %I, port AFCRL-63-T90I, Alr Force Uam%r!ﬂiﬁ'ﬂésearch

Taboratori. ., December 1963, iC0 p.

(10] Hilbers, C. E,: "Titan II Toxic Service Strength Studies (U)." Ungublished
report prepared by Space Technology Laboratoiie:, Inc. re: 6110-31l41-MC-
000. 15 February 1983 (CONFIDENTIAL).

[11] Hinds, W. T. and Nickola, P. W.: The Mountain Iron Diffusion Program:
Phase 1, South Vandenberg: Vol. I, Alr Force weetern Tes ange ¢h-
nical Report b7-1, 1968.

(12] Holland, J. 2Z.: "A Meteorological Survey of the Oak Rigge Area," U.8,. .
Atomic Energy Commission Report ORO-99, Washington, s 1953, p. 549,

[13) Howerton, A. E.: "Estimating the Ares Affected by a Chlorine Release,"
Paper presentad at the Symposium on Loss Prevention in the Procéss In-
dustries, New Orleans, LA, 16~20 March 1969. American Institute of
Chemical Engineers, New York, NY, 1969.

(14) Kaimal, J. C. and Haugen, D. A.: "Characteristics of Vertical Velocity
Fluctuations Observed on a 430-Meter Tower,” Quart. J. Roy. Meteorol.
SOC-, VOl. 93, 1%7, ppu 305"3170

[15) Miller, R. L. and Miller, F. H.: "Diffusion Forecasting for Titan II
Operations,"” AWS Technical Report 176, Hq Air Weather Service, Scott
AFB, IL, 1964,




April 1971 Technical Report 24

(16]

(17)
(18]
[19]
(20]
(21]
(22]
(23]

(24]

(25]

(26]
{27)
(28]

[29]

(30]

Panofsky, A. A. and McCormick, R. A.: "Properties of Spectra of Atmos-
pheric Turbulance at 100 Meters," Quart. J. Roy. Metsorcl. Soc.,
VOl. 80, 195‘4, ppn 5“’6“56“;

Pasquill, F.: "The Estimation of the Dispersion of Windborne Material,"
Meteorological Mag., Vol. 90, No. 1063, February 1961, pp. 33-49.

Pasquill, F.: Atmospheric Diffusion, Van Nostrand, london, 1962,

Singer, I, A. and Raynor, G. S.: "Analysis of Meteorclogical Tower Datae
April 1950-March 1952," USAEC Report BNL-461, Brookhaven National Labo-
ratory, 1957.

Slade, D. H. (Ed.): Meteorolo% and Atomic Energy, 1968, Atomic Energy
Commission, Washington, s . ‘ ‘

Smith, F. B.: "The Rule of Wind Shear in Horizontal Diffusion of Ambient
Particles," quart. J. Roy. Meteorol. Soc., Vol. 91, 1965, pp. 318-329,
Sutton, 0. G.: Micrometeorology, McGraw-Hill Book Co., Inc., New York,

1953, 297 p.

Taylor, G. I.: "Diffusion by Continuous Movements," Proc. London Math.
SOCO, VOl. 20, 1921, pp. 196"‘2020

Taylor, J. H. Ed.i: "project Sand Storm, An Experimentel Program in At-
mospheric Diffusion,” Environmental Research Papers, No. 134, Report
AFCRL-65-649, Air Forcé Cambridge Research Laboratories, I35 .

Thayer, S. D., Koch, R. C., and Milly, G. H.: Further Developments in
Techniques for Dosage Prediction, Vol. I, 1258, Report TRC 315, The
Travelers Research senfer, T

nc.

Turner, D. B.: Workbook for Atmospheric Dispersion Estimates, U.S, De-
partment of Health, Education and Wellare, cincinnatl, OH, Revised 1969.

U.S. Army Munitions Command Operations Research Group. Unpublished
memorandum.

U.S Army Munitions Command Operations Research Group: CB Operations
Technical Reference Handbook, Edgewood Arsenal, MD, Masy 1563.

Vernot, E. H., et al.: "The Air Oxidation of Monomethyl Hydrazine," %g v
can Industrial Hygiene Assoc. Journal, Vol. 28, No. 5, 1967, pp. 343~

welker, J. R., Wesson, H. R., and Sliepcevich, C. M.: "LNG Spillis: To
Burn or Not to Burn!" Paper presented at the Distribution Conference
(Operating Section), Philadelphia, PA, 12-15 May 1969. American Ges
Assoclation, Inc.

83




_UNCLASSIFIED _

__-—-Wﬂ——-—m
- DOCUMENT CONTROL DATA-R&D H
Seeurity cissailicntion ot ttle the awerall report ia clase!lisd,

v OURIGINATING ACTIVITY (Copemie au 38, ARPOAYT ACLIRITY CLASKIFICATION

|Hq Air Weather Service
Scott Air Force Base, IL 62225

R eRT e
A Guide to Local Dispersion of Air Pollutants

g 7nemowu NOTES (Tyae of repert and inelusive datvs)

o RUTHO W) (PTrat mame, mIadls TIaT, Tast naswe)
| Gordon A. Beals, Major, USAF

A REPORY DATE 8. TOTAL NO. OF PAGES 75. NO. OF REFS
April 1971 83 30 L
%6, CONTRACY ON GRANY NO. %8, ORIGINATOR'S REPOHT NUMBKNIS)
N/A Air Vieather Service Technical
5. PROJEC Y NO. Report 21)4_ .
c. 0. 3'7:4::. ;,nou NOUS) (ARy other numbers Ghat may bo sveigned
d

10. DISTRIBUTION 3TATEMENT

Approved for public release; distribution unlimited.

11. SUPPLEMENTAKRY NOTIES 12. SPONSORING MILITARY ACTIVITY
Hq Air Weather Service (MAC)
N/A Scott AFB IT 62225

3. ABSTRACT

This report is intended as & guide on local air pollution for
forecasters who have had no prior experience with diffusion. Certaln
fundamentals of micrometeoroiogy and diffusion in the lower layers
are expounded and their relation to the determination of air pollut-
ant dispersion and concentration amounts is explained. Calculations
of pollutant concentrations using accepted techniques are systemati-
cally discussed and solution of actual alr pollution problems are
shown in the Appendix. Graphs and nomograms used in solving air
pollution problems are also furnished in the Appendix.

L—__——.—-—-——-——-——-————————————
DD -'&’001473 85 M% -

MAC-8AFS, IL 71-10208

—




